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Abstract 

We investigate the transmutation of D-branes into Abelian magnetic backgrounds on the 
world-volume of higher-dimensional branes, within the framework of global models with 
compact internal dimensions. The phenomenon, T-dual to brane recombination in the inter- 
secting-brane picture, shares some similarities to inverse small-instanton transitions in non- 
compact spaces, though in this case the Abelian magnetic background is a consequence of 
the compactness of the internal manifold, and is not ascribed to a zero-size non- Abelian 
instanton growing to maximal size. We provide details of the transition in various super- 
symmetric orientifolds and non-supersymmetric tachyon-free vacua with Brane Supersjon- 
metry Breaking, both from brane recombination and from a field theory Higgs mechanism 
viewpoints. 
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1 Introduction and summary of results 

It is well known that D5 branes can be described as gauge instantons on the world-volume 
of D9 branes in the limit in which the instanton size, related to the vacuum expectation value 
of the D9-D5 states, is zero [[T|. This suggests that, blowing up the small instanton size, it is 
possible to connect orientifold vacua with D9 and D5 branes to string vacua with internal 
magnetic field fluxes. The resulting phenomenon has been briefly discussed in the literature 
||2| in some supersymmetric examples [3j,|4J. From a string theory perspective this transition 
can be elegantly described, in the T-dual framework of intersecting branes, in terms of "brane 
recombination", namely in terms of a new configuration of homology cycles wrapped by 
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the branes that respects the RR charge distribution. It has also been suggested that this 
phenomenon can be captured in the low-energy limit by a conventional Higgs mechanism, 
at least in some simple examples, where scalars living at the brane intersections condense. 
For a Dp-D(p + 4) configuration the corresponding vev's were identified by Witten to be 
related to the instanton size. As a result, in the type I set-up, the condensate interpolates 
between zero-size instantons, in the zero-vev limit, and constant non-Abelian magnetic field, 
in the \arge-vev limit corresponding to a "fat" gauge instanton of maximal size. 

In the present paper, we address the problem of possible non-perturbative transitions 
among different orientifold vacua, and our results extend the discussion in the literature in 
two respects. On the one hand, by considering the low-energy field equations for the Abelian 
theory living on a D9 brane with a compact internal space, we show that an Abelian constant 
magnetic field is generated by the solution, that is naturally related to the normalisable con- 
stant zero-mode of the Laplacian in the compact space. We show that this magnetic field 
(and not the non-Abelian configuration generated by a standard "fat" instanton) is T-dual to 
the supersymmetric angle configuration in toroidal intersecting-brane models. We point out 
interesting analogies and differences between the two classical configurations. The Abelian 
configuration contains, in addition to the constant magnetic field, a singular part which ex- 
actly reproduces the singularity of a more conventional non-Abelian instanton configuration 
in the singular gauge and in the zero-size limit. This singularity is actually due to the zero- 
size limit, and it is blown-up by giving the instanton a finite-size, related to the vev of D9-D5 
states. We analyse the corresponding singularity for the Abelian case by studying the effects 
of the vev and of the Dirac-Born-Infeld non-linearities. We could not find a simple way to 
resolve the singularity, although it is possible that higher-derivative corrections to the Dirac- 
Born-Infeld Action may provide the tool. 

On the other hand, we extend the analysis of non-perturbative transitions to the class 
of non-supersymmetric vacua with Brane Supersymmetry Breaking. There is a large litera- 
ture on non-supersymmetric string vacua built over the years, in the heterotic strings ||5}|TT|, 
type orientifolds |12 13|, type II orientifolds with supersymmetry broken by compactifi- 
cation 1 14 - 17 1, by magnetic fields ||3| |T8}|25| , at the string scale |26-30j or by a combination 
of these effects |3lj3^. Although most of the non-supersymmetric vacua are manifestly 
unstable at the classical level due to the tachyonic states appearing in some regions of the 
moduli space some, most notably the models with "Brane Supersymmetry Breaking" 1 26 - 30| 
have no manifest classical instabilities. At tree-level, these models exhibit supersymmetry 
in the closed-string sector, while in the open-string sector supersymmetry is explicitly bro- 
ken or, more precisely, non-linearly realised on stacks of anti-branes |33 34|. Technically, 
the breaking of supersymmetry is ascribed to the simultaneous presence of Dp branes and 
Op+ planes, where Op-|- are exotic orientifold planes with positive tension and positive RR- 
charge. This system breaks supersymmetry in a way similar to Dp — Dp brane-antibrane 
pairs, but with the notable difference of not introducing any tachyonic instability. 

It is widely believed that all non-supersymmetric string vacua are unstable towards de- 
caying into supersymmetric ones. When classical instabilities are present, the decay is clearly 
due to tachyon condensation 1 35 36| that indeed interpolates between different unstable 
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non-supersymmetric orientifold vacua | [37| . In the Brane Supersymmetry Breaking case, 
however, it can only occur through non-perturbative effects. The least understood and most 
intriguing cases are the ones in which the candidate supersymmetric vacua have completely 
different geometry, O-plane contents and different twisted sectors when compared to their 
non-supersymmetric parents. The only known proposal in this direction p8| makes explicit 
use of S-duality and thus the real dynamics of the transition cannot be followed within a per- 
turbative CFT set-up. We have nothing to add about these cases in the present work. There 
are however other examples in which the non-supersymmetric classically stable model and 
the candidate supersymmetric vacuum have the same geometry and differ only in the con- 
figuration of branes. The fate of such vacua is part of the subject of the present paper. We 
argue that the magnetic transmutation, T-dual to brane recombination discussed in the litera- 
ture, is responsible for the transition among non-supersymmetric vacua as well. Whereas in 
the supersymmetric case the states acquiring vev's are flat directions, in non-supersymmetric 
examples we argue that positive masses are generated for these states, that makes the tran- 
sition truly non-perturbative in nature. We present explicit examples built upon the Z2 ori- 
entifold of the type IIB [30| in six dimensions and upon the Z2 x Z2 orientifolds of type II A 
superstring in four dimensions, and discuss the relation of supersymmetric vacua or of con- 
figurations with Brane Supersymmetry Breaking and discrete torsion ]30| with magnetised 
vacua in six [3| and four | [39H43 1 dimensions. 

The paper is organised as follows. In section |2] we discuss the transition among vacua 
as a brane recombination process, for models in six dimensions built upon the r^/Za orb- 
ifold, and in four dimensions built upon the type IIB r^/Z2 x Z2 orientifold with discrete 
torsion. We address the problem both for supersymmetric and Brane Supersymmetry Break- 
ing vacua. The description of the transition in terms of brane recombination is shown to 
work nicely in all examples. In section |3] we analyse the same problem from a low-energy 
viewpoint, in terms of a field theory Higgs mechanism triggered by non-vanishing vev's of 
open-string states living at the intersection of different stacks of branes. We perform a case 
analysis for six-dimensional examples and show that when supersymmetry is preserved the 
Higgs mechanism exactly captures the dynamics by yielding the correct massless spectrum 
of the corresponding intersecting brane models. On the contrary, when supersymmetry is 
broken some states ought to get masses from Yukawa (for fermions) and quartic-order (for 
scalars) couplings that we argue to exist. In four dimensions, however, the models we study 
involve D5;, anti-branes that are not standard instantons of the gauge theory living on the 
D9 branes, rather they should be interpreted as new stringy non-perturbative configura- 
tions. As a consequence, at low energy the Higgs mechanism does not accurately captures 
the dynamics of the transition, whereas brane recombination does, as shown in section |2] 
In section |4] we perform an analysis of the quantum stability of the Brane Supersymmetry 
Breaking models, by computing the vacuum energy as a function of the anti-brane positions 
and /or Wilson lines and by computing the quantum induced masses for the states whose 
vev's trigger the recombination process. We argue that a positive mass for D7 — D7' states 
is generated, that suggests a non-perturbative transition associated to a real tunnelling phe- 
nomenon through a potential barrier. Section IS] contains a detailed field-theory analysis in 
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a superfield formalism which shows explicitly the connection between the vev of the Higgs 
field and the emergence of the Abelian magnetic field. We also compare properties of our 
Abelian classical solution in a compact space with the conventional SU(2) instanton solution. 
Appendix |A] collects some partition functions that are used in the paper, while in appendix 
|B] more examples of six dimensional models are reported, both supersymmetric and with 
Brane Supersymmetry Breaking. 

2 Brane recombination 

In this section we study the possible cormections among different string vacua, supersym- 
metric and not, as a result of brane recombination. In particular, we shall show that all 
string vacua, at least in a given orbifold construction, live in the same moduli space and are 
connected one to the other by the process of brane recombination. For simplicity we shall 
concentrate on some interesting prototype examples m d = 6 and d = A based on r^/Z2 
and r^/Z2 X Z2 orientifolds, with and without supersymmetry. The complete one-loop 
amplitudes are given in the appendices, where additional examples are also discussed. In 
the following we shall discuss in detail few cases, and for simplicity we shall adopt a more 
geometrical language, in terms of homology cycles wrapped by the branes. 

In general, an orientifold of type II superstrings compactified on suitable Calabi-Yau 
manifolds A'^f involves an action of the world-sheet parity O, possibly combined with some 
(order-two) automorphism TZ of the internal manifold. In the following, we shall consider 
the anti-holomorphic involution TZ : z, — > z,, z = 1, . . . , d, so that the effective orientifold pro- 
jection involves O = O { — ly^ TZ, where the left-handed space-time fermionic index (—1)^ 
is needed in order that O be order-two on the whole string spectrum. 

As is well known, the fixed locus of O defines the location of the orientifold planes, that 
extend through the whole non-compact Minkowski space and wrap additional d-cycles ttq 
of the internal Calabi-Yau space. Given our choice of the anti-holomorphic involution, the 
fixed locus identifies a special Lagrangian submanifold of Af^, and thus their introduction 
preserves some amount of supersymmetries. As usual, the consistency of the construction, 
i.e. R-R tadpole cancellation, requires the introduction of suitable number of D-branes that, 
aside from expanding in the non-compact dimensions, wrap suitable internal d-cycles 
The open-string excitations thus comprise unitary gauge groups and chiral matter in (anti- 
)symmetric and bi-fundamental representations, with multiplicities given by the intersec- 
tion numbers = Tla o IIi, of pairs of branes. We shall not review here the details of 
the construction, but refer the interested reader to the vast literature on the subject [ [44| . In 
the following we shall study specific examples related to six and four dimensional orbifold 
compactifications. 

2.1 Six-dimensional models 

The six-dimensional models we want to study are all based on the / Z2 orbifold compact- 
ification of type IIB superstring. For simplicity we shall assume that the factorises into 
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the product x T|, both with purely imaginary complex structure LT^'' = i U2 , i = 1,2. 
The analysis can be easily extended to the case where the complex structure of the T^'s has a 
quantised non-vanishing real part. We denote by (21,22) the complex coordinate on the T^, 
where each entry z, identifies the position on the z-th factor. The Z2 is generated by the 
single element g that reverts all coordinates: (zi,Z2) — ^ — (zi,Z2). 

To define the homology of T'^/Zz is it convenient to start from that of the covering T^. If 
one denotes by a, and the canonical horizontal and vertical one-cycles of each rectangular 
T?, with intersection form given by 

fl;ofly = 0, biobj = 0, aiobj = Sij, (2.1) 

the homology of is clearly given by suitable combinations of the a and b cycles. In parti- 
cular H2{T^, Z) is spanned by 

fti = (fli (8) fl2/ bi (8) b2, fli ® bz, bi ® az, fli <8> bi, az^bz), (2.2) 

with intersection form 



r = (ri®diag(l,-l,-l). (2.3) 

Modding-out the torus by the Z2 action implies that the fti cycles are not invariant under 
the Z2. Therefore, one is bound to construct new cycles that correspond to invariant orbits 
of the orbifold group. In the case at hand one finds that the invariant two-cycles are 

7ti={l+g)7ii. (2.4) 

Moreover, when computing the intersection form, one has to take into account that the is 
a double cover of the orbifold, and therefore 

Uj = l7ti0 7tj=2Iij. (2.5) 

These cycles, however, do not span the lattice H2(T^/Z2, Z) since the resolved orbifold sin- 
gularities introduce new two-cycles Cxy, x,y = 1, . . .,4, called exceptional or collapsed cy- 
cles, associated to the P^'s localised at the 16 fixed points with coordinates {z\,z\), where 
{zjY e (0, \, 5(1 + U^^^))- Their intersection form 

is given by the Cartan matrix of the Lie algebra (Ai)^^, while tt, o exy = 0. Although the 
Kiunmer basis (tTj, Cxy) does not span entirely H2(T^/Z2,Z), it is actually a convenient 
choice to discuss the orbifold l'^ 11.2. K generic two-cycle, can thus be written as 

6 4 

= E 4 TT,- + E ' (2-7) 

!=1 ^/3/=l 
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where the c\ and the el^ are suitable coefficients. It is convenient to refer to 

na = t.c\7ti (2.8) 

1=1 

as the bulk cycle, since it is inherited from the covering and exists at a generic point on the 
orbifold. Notice that in the literature it is customary to refer to bulk cycles if the coefficients c\ 
are suitable integers. We find, however, more appropriate to use this term for the component 
in the homology inherited by the covering torus, independently of the coefficients c\. 

2.1.1 Supersymmetric vacua 

We have now all the ingredients to discuss the orientifold of type IIB superstring compacti- 
fied on the T4/Z2 orbifold. 

Let us start discussing the supersymmetric case, where the orientifold projection em- 
ployed is precisely the Cl previously introduced. The fixed locus of H (1 + g) is given by 
the TTi and n2 two-cycles that, taking into account a correct normalisation of the RR charge, 
identify the cycles 

no = 2 7ri, no'=2Tt2, (2.9) 

wrapped by the 07 and 07' planes, respectively. 

D7branes are free to wrap a generic two-cycle Tig on the T^/Z2. The Fourier coefficients 
c's and e's have now a physical interpretation in terms of charges of untwisted and twisted 
RR forms, respectively. In order to make contact with the perturbative CFT construction 
reported in appendix |A| it is useful to limit our attention to factorisable bulk two-cycles, 
that are obtained by combining two one-cycles, one on each T^, and to express then Fourier 
coefficients in terms of the number of times the branes wraps these one-cycles. To be specific, 
we write 

4 2 

JT„ = 4 7ti = (g) {m[ ai + n\ h^ , (2.10) 

i=\ i=l 

with m'^ and co-prime integers. As a result, a bulk cycle is entirely specified by the integers 
«,0,and 

{cl ci ci 4) = I {m] ml, nl ni ml ni n] ml) . (2.11) 

The Fourier coefficients e^^ associated to the collapsed cycles identify the fixed point {zf, 
crossed by the cycle associated to the D7 brane, and are related to the orbifold action on the 
Chan-Paton coefficients. With a suitable normalisation 

^xy = ; 2 V 1' 2; (2.12) 

I otherwise , 
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and define the charge Q^^ = with respect to the twisted RR six-form potentials. 

Although, by construction, Tla is invariant under the orbifold action, generically it will 
not be so under Q, and thus on the orientifold one has to introduce also image branes wrap- 
ping the cycle Ila = O ■ The Fourier coefficients of 11 a are completely determined once 
we define the action of Q on the basis two-cycles: 

n ■ (tTi, Tt2, TTs, 7r4, TTs, TTe) = (tTi, 7t2, —Ttz, —Tti^, —Tt^, —Tts) , 
^ ■ ^xy — ^xy ■ 

As a result, on the / Z2 orbifold, the invariant configuration 11 a + 11 „ only wraps bulk 
cycles, and this is consistent with the perturbative string description where the twisted tad- 
poles are identically vanishing. Moreover, + has only components along tti and K2, 
consistently with the geometry of the orientifold planes. 

At this point, one has all the ingredients to derive the light (chiral) spectrum of a vacuiuxi 
involving a given number of D7 branes. A vacuum configuration is then fully determined 
by specifying the wrapping numbers (m^, n^) of the fl-th stack of Na D7 branes together with 
the coordinate of (at least) one fixed point crossed by them. In the following we shall assume 
that all branes pass through the fixed point at the origin of the T^. 

As a result, each D7 brane supports a unitary gauge group so that 

GcP=nU(N«). (2.14) 

a 

Open strings living at the intersection of a D7a and 07^ brane are in the bi-fundamental 
representation {Na, Ni,) and come in lab families, where now 

Iab=naon, = lYl (K4 - <<) - 2 E^a'e'/ . (2.15) 
^ 1=1 ^ ^ x,y 

Open strings living at the intersection of a D7(, and D7g brane are in the bi-fundamental 
representation {Na, Nf,) and come in X^g families, where now 



= JI„ o JTe = ^ n {<4 + <K)+2Y] e7e^ . (2.16) 



2 

n 

!=1 ' ' x,y 



Finally, any time a brane intersects its Q image one has chiral matter in the symmetric and 
anti-symmetric representations. In particular, the number of (anti-)symmetric representa- 
tions is 



^ [Xa-a T {^aO + ^aO')\ = ^ « ^ o {Uq + Uq,)] 



2 / 2 2 

a 



i=\ \i=l 1=1 



(2.17) 
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where we have used the property that, for any D7 brar\e. 



£a^ = mod 4z , and 



-4. 



(2.18) 



x,y 



Although a generic configuration of D7 branes is not supersymmetric, if their relative angles 
with respect to the O planes satisfy the familiar condition (p\ + (pi = 0, for each stack of 
D7n branes, then some amount of supersymmetry is preserved. The condition on the angles 
is equivalent to the requirement that the two-cycles wrapped by the branes be actually a 
special Lagrangian submanifold calibrated by Re(nc/), where here is the holomorphic d- 
form of the internal manifold. In the T-dual version in terms of magnetised background, the 
supersymmetry conditions translates into the self-duality of the internal flux. Hi = H2 |j3|. 

If we compare the expressions ( 2.15| , (2.161 and ( 2.18| with the spectrum worked-out in 
appendix |A] and summarised in table A.l we can identify 



(2.19) 



i.e. the number of mutual intersections between branes a and b coinciding with the orbifold 
fixed points is precisely given by minus four times the inner product of the Fourier coeffi- 
cients relative to the collapsed cycles. 



As an example, the original U(16) x U(16) vacuum of |45 46] involves two stacks of 16 
branes each, with wrapping numbers 



ITd/- (m^nl;m^n2) = (1,0; 1,0), 



n 



D7' 



(mi,ni;m2,n2) = (0,1;0,1). (2.20) 



Pairs of stacks of D7 branes can recombine on the T^/Z2. Although the dynamics of this 
process cannot be described by the underlying perturbative CFT, the rules for analysing the 
recombination process are well established, and essentially amount to RR charge conserva- 
tion 147) . For the O orientifold this is particularly simple, since the invariant combinations 
of branes carry a charge only with respect to the tti and 7t2 cycles. In fact, one finds that the 
recombination of Na D7a and Ni, D7i, brane yields Nc TfJc branes 



[N„(n« + n„-)]u[Nfo(7Tfc + nj;)] , 

with Nc = GCD(Nfl, N^), and wrapping numbers determined by the conditions 



(2.21) 



1 2 ^fl 1 2 I -^b 1 2 



1 2 
rirnt 



Nc 



nlnl 



Nc 



(2.22) 



1,.2 



ntn 



b"b- 



The amazing result is that all supersymmetric / Z2 orientifold vacua, with the same closed- 
string spectrum, are all in the same moduli space, and thus are connected to the U(16) x 



U(16) model of |45 46J via the recombination of suitable numbers of branes. This connec- 
tion is expected to hold also in the case of compactifications on orbifolds of skew tori (with 
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quantised real component of the complex structure ||48|), though we have not analysed it in 
detail. 



Let us consider in fact the complete recombination of the D7 and D7' branes. The result- 
ing configuration involves a single stack of 16 branes with wrapping numbers (1, 1; 1, 1) thus 
yielding a U(16) gauge group together with 4 hypermultiplets in the anti-symmetric 120 rep- 
resentation. Similarly one could recombine only 4 D7 branes together with the 16 D7' ones, 
so that the resulting configuration contains for instance two different stacks of branes of the 
type 

12 D7 branes with : (m\ n^; m^, rp-) = (1, 0; 1, 0) , 
4 D7" branes with : (m^ n^; w?-, n^) = (1, 2; 1, 2) . 

The gauge group is now U(12) x U(4) with hypermultiplets in the representations 2 (66, 1) + 
10 (1,6) + 4(12,4). This is precisely the magnetised vacuum without D5 branes found in |j3|. 

In the T-dual picture in terms of magnetised branes the recombination process has the 
suggestive interpretation of brane transmutation, i.e. some D5 branes dilute into a constant 
magnetic background on the world-volume of the D9 branes. Alternatively, the process is 
somewhat dual to the small instanton transitions of |1|, where now the instanton becomes 
fatter and fatter and invades the whole compact space. We shall give evidence to this picture 
in section 5. 

In the field theory limit, the recombination of branes a and b is described in terms of the 
Higgsing of massless scalars in the bi-fundamental {Na,N},), and we shall review it in the 
next section. 

2.1.2 Brane Supersymmetry Breaking vacua 

Brane Supersymmetry Breaking f27'| is an interesting deformation of the supersymmetric 
T'^/Z2 orientifold, where the world-sheet parity is further dressed with an involution of the 
internal manifold a that affects the projection of the twisted sector, O = Oct. In this way, 
the Klein-bottle projection (anti-)symmetrises the (NS-NS) R-R twisted sector and therefore 
the closed-string spectrum, still Af = (1,0) supersymmetric, comprises 17 tensor multiplets 
together with 4 hypermultiplets aside, of course, of the gravitational supermultiplet. From 
a geometrical perspective, the involution cr affects the nature of the orientifold planes that 
now are 07_ and 07'^, i.e. the O-planes wrapping the 7t2 cycle have positive NS-NS tension 
and positive R-R charge. As a result, they have a different orientation with respect to the 
more conventional 07'_, so that TIqi = —2 7t2, while TIq = +2 tti as before. 

An additional difference with respect to the previous supersymmetric case, is that the 
presence of a also affects the components of a D7 brane with respect to the collapsed cycles, 
and the behaviour of the latters under O: 




(2.24) 
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and 



O. ■ (tTi, 7X2, TTs, 7r4, TTs, TTe) = (tTi, 7r2, — TTs, — 7r4, — TTs, — TTfi) , 



(2.25) 



'Xy ■ 



The choice of the coefficients reflects the orbifold action on the Chan-Paton labels, that is 
now real |27|. As a result of eq. (2.25 1, the CI invariant combination 



n„ + n„- = 2 TTi + 2 7r2 + 2 ^ e^'a^ e 



(2.26) 



x,y 



has now components not only along the bulk tti and Tt2 cycles, but also along the excep- 
tional ones. This implies that additional conditions have to be imposed on a consistent 
configuration of D7 branes, resulting in additional tadpoles for the twisted RR six-form 
potentials. Of course, this is in agreement with the perturbative CFT description, that is 
summarised in appendix [A[ 

The chiral open-string spectrum is still captured by the intersection form of the two- 
cycles wrapped by the branes. A generic D7a brane still supports a unitary gauge group 
U(N„), while open strings stretched between intersecting D7a and D7b branes come in bi- 
fundamental representations (N^, N^) with a degeneracy given by 



ab 



2 

i=l 



Y\[m\nl -min' 



^y ^^y 



x,y 



(2.27) 



open strings stretched between intersecting D7a and D7^ branes come in bi-fundamental 
representations {Na, N},) with a degeneracy given by 



X 



ab 



1 

i=i 



x,y 



(2.28) 



and, finally, any time a brane intersect its CI image chiral fermions carry a (anti-)symmetric 
representation with a degeneracy given by 



Xflfl ^ (XflO_ + Xj 



flO' 



1 

2 L" 
1 
4 



naon-aT[naono_ +naon 



o' 



2 

r 

/=1 



4n<ni-4T4 fl'«i-ri 



2 

1 

! = 1 



/=1 



Comparison with table 2 allows us to identify 



(2.29) 



^b ^ab — 4 cj^ £^ , 
x,y 



(2.30) 



where, in the CFT analysis. Sab counts, as usual, the number of mutual intersections between 
branes a and h coinciding with the orbifold fixed points, while €„ takes into account the 
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action of the orbifold on the Chan-Paton degeneracies. Note also that, since the e^a are now 
real, 4 Yl,x,y = 4. Special care is needed when a D7 brane wraps the same cycle as an 

orientifold plane, since now gauge groups become orthogonal or symplectic depending on 
whether the O-plane is an 07_ or an O/^ one. 

Since supersymmetry is explicitly broken in the open-string sector, charged scalars do 
not carry the same representations as their "would be" fermionic superpartners. Although 
the geometrical description adopted in this section is not suited for determining their spec- 
trum, the perturbative CFT analysis of appendix |A] gives complete information about their 



representations and multiplicities, and the complete spectrum is summarised in table A.2 
Also in this case with Brane Supersymmetry Breaking we conjecture that all ll^i vacua, 

with the same closed-string spectrum, are connected to the original SO(16)^ x USp(16)^ 

model of p7| via the recombination of suitable numbers of branes, though they might be 

separated by an energy barrier as argued in section 4. 

Before we show the connection by working out some explicit examples, one should note 

that the rules for brane recombination ( 2.22| | are now changed since they have to take into 



account also the conservation of the twisted charges, that are now non-vanishing. Let us 
suppose we recombine one Xyi a and one D7f, brane 



[Ua +na)U (Hb + n-^) = {m\ml + m\ml) m + (n>2 + nlnl)7t2 + 2 X](e«^ + e^^) exy • 

x,y 

(2.31) 

This cannot yield automatically a factorisable DZc brane since, in general 

2E(^«' + 4'') (2.32) 
x,y 

that is to say the associated Tic cycle crosses more or less fixed points than the canonical four 
touched upon by a factorisable cycle. As a result, in order to allow the recombination of two 
or more branes into a factorisable one the additional condition 

2l]Ee«^ = 0^od4 (2.33) 

x,y a 

must hold. In this case the bulk cycle of the recombined branes is identified by the wrapping 
numbers (m^, n[,), with 

mlm^ = J2mlml, n]nl = Y,nlnl. (2.34) 

a a 

Let us discuss now some simple examples where the various recombinations of branes in 
the original model |27| yield new and old vacua with Brane Supersymmetry Breaking. The 
SO(16)^ X USp(16)^ model involves eight copies of physical branes wrapping the following 
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cycles: 



n^7 = flv? ± I {en + ei2 + e2i + 622) , 

+ " 1 / (2.35) 
n—, = n^y, ± 2 (en + ei3 + ^31 + £33)/ 

where JTd/ = \ni and JTg^, = — ^ 7r2, with the minus sign implying that the D7' branes are 
actually anti-branes, and thus their cycle has an opposite orientation. The sign in front of the 
exceptional cycles reflects, as already stated, the different orientifold action on the associated 
Chan-Paton labels, and thus the various twisted RR charges. 

In this case, one needs to recombine at least three different stacks of branes in order to 
get a factorisable one. For instance, one could recombin^ 

(4 X in^,) U (8 X 2n±_,) U (8 X 2n_,) (2.36) 

to yield a new vacuum with eight horizontal D7 branes of type H^^, four horizontal D7 
branes of type JJ^j and four oblique D7o branes wrapping the cycle 

nD7„ = Ktti - 4 7r2 + 2 TTg - 2 7r4) - ^ (cn + ei2 + erv + en) ■ (2.37) 

This configuration clearly satisfies both the untwisted and the twisted tadpole conditions, 
and reproduces the Brane Supersymmetry Breaking vacuum without D5 antibmnes of |3| and 
with anti-self-dual magnetic background, with gauge group SO(16) x SO(8) x U(4). 

Another possibility would be to recombine all branes of the original model. This would 
identify the two-cycle tti — 7t2, without any leg along the collapsed cycles. What kind of 
brane could this correspond to? Notice that in the original configurations all branes were 
crossing the orbifold fixed points, and in particular the fixed point at the origin of the with 
(zi,Z2) = (0,0). As a result, also the recombined brane(s) should cross the origin, since the 
recombination process does not involve any deformation associated to brane displacements 
and/ or Wilson lines. Moreover, in this vacuum all branes passing through the origin cross 
exactly four fixed points, and thus wrap four collapsed cycles. As a result, the complete 
recombination of all branes in the original model must result in, at least, two different stacks 
of branes wrapping the same bulk cycle tti — 712 but with opposite twisted charges. Given 
the Fourier coefficients c' = ( 5, — j, 0, 0) one has the solution 

(8 X in+y) U (8 X 2/7^7) U (8 X 2n±_,) U (8 X 2n_,) = 8(71^ + 17^0, (2.38) 



with 



J^d = \ (tti - n2 + n^- Tti) + \ (en + ei4 + ^41 + ^44) / 
J^d' = \ (tti - 7r2 + tts - 7r4) - 2 (en + eu + £41 + £44) . 



(2.39) 



^The additional factor 2 takes into account the fact that the D7 and D7' branes wrap the same cycle as their 
orientifold images. Here and in the following we shall omit to indicate the orientifold images, though they are 
tacitly present in the identification of the invariant cycle. 
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Multiplicity 


Representation 


Multiplet/ Jr'iela 


Cnirality 


A 


\^0, IJ -T [1, ) 




T *3ff_n onri (3ri 

L/Cl L IICIIILICLI 


2 


(8,8) 


Hypermultiplet 


Right-handed 


16 


(8,8) 


Scalars 




1 


(64,1) + (1,64) 


Gauge Multiplet 


Left-handed 



Table 2.1: Massless spectrum of the U(8) x U(8) model. Left-handed (right-handed) 
fermions correspond to C4 (S4) characters. 



The Chan-Paton gauge group is now Gqp = U(8) x U(8) with left-handed fermions in the 
adjoint representation and in four copies of the (28, 1) + (1,28), and right handed fermions 
in two copies of the bi-fundamental representation (8, 8 ) . From the CFT analysis of appendix 
[Ajone also finds 16 real scalars in the (8,8) together with 8 real scalars in the (8,8), as sum- 
marised in table 12.11 

More examples can of course be studied, though we leave a detailed analysis to the in- 
terested reader. 



2.2 Four-dimensional models 

In four dimensions we focus our attention on a specific class of models based on the T^/Z2 x 
Z2 orbifold with discrete torsion. The naive orientifold construction with orthogonal D- 
branes is a generalisation of the Brane Supersymmetry Breaking construction with super- 



symmetry broken in the open-string sector |30|. However, it was shown in |39-41| that 
supersymmetric vacua exist also for this compactification and involve non-trivial angles 
and/ or magnetic backgrounds. The natural question is then whether the two constructions 
are related by some (non-perturbative) effect, like brane recombination. 
The Z2 X Z2 group is generated by the elements 

g = {+,-,-), h = {-,-,+), (2.40) 

while, as usual, f = gh = {—,+,— ), and the z'-th entry denotes the action of the orbifold 
on the z-th factor in the factorisable = x x T^. The presence of discrete torsion, 
i.e. a relative sign e = — 1 in the independent SL(2, Z) orbit in the twisted sector, exchanges 
the /z2,i and hi^i Hodge numbers of the smooth Calabi-Yau manifold [49j , and acts as mirror 
symmetry in the type II compactification. 

The description of the homology of the X = T^/Z2 x Z2 space is similar to the six- 
dimensional case previously studied. H3{X,Z) is generated by the eight bulk cycles 

{tt}, = (fli (8) fl2 «3/ bi0b2<S' bs, bi<^b2 as, bj, 

(2.41) 

bl (8) fl2 ^3, fli (8) ^2 ^3, ai<^b20 ^3, bi (8) fl2 fls) 

inherited from the T^. These three-cycles are common both to the orbifolds with and without 
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discrete torsion. In the former case, however, one has also to consider the exceptional cycles 
that are built by tensoring a collapsed two-cycle e^^y, localised at the fixed point z^y of the /-th 
element of the orbifold group, with a one-cycle of the spectator T^: 

ocly = lai®ely, CL{y = la2®e{y, Ci^^y = la3®e\y, 

^ly = 2h^®e%, j8/y = 2b2®4y, ^\y = 2H®e%. ^'^^ 

Altogether, these generate H3(A', Z) whose dimension is indeed ^3 = 104. Here and in the 
following we use the index i to label both the z-th element of the orbifold group {g, f,h) and 
the z-th component of the factorisable T^. These are in fact related since, for instance, g 
leaves the first fixed, while h is inert on the second one, and / on the third T^. 

The intersection form of these cycles can be straightforwardly derived from the one of the 
covering and from the intersection form of the exceptional cycles in T^/Z2. In particular, 
noting that under the Z2 x Z2 action each bulk three-cycle has exactly three orbifold images 



7ti = {l+g)il+h)7ti, (2.43) 

and that collapsed cycles of different twisted sectors do not intersect, one finds the following 
non-vanishing entries of the intersection form: 

kj = \7tiO TCj = -4 i a2®U, (2.44) 

and 

lilv^ = \oc%o = -4 5,, 6y^ , (2.45) 

where a2 is the Pauli matrix, I4 is a 4 x 4 identity matrix, and we have used the fact that, for 

a given twisted sector, Cxy ^ ^vw — — 2 5xv ^yw/ 

while ai o bj = Sij. A generic three-cycle of X 

can thus be written as 

n« = i: c>, + j: i: (iii^, ^y + ^8^^) . (2.46) 

;=1 ^=g,f,h x,y=l 

Also in this case it is customary to refer to 

n' = £ci,Ki (2.47) 

i=l 

as the bulk cycle. 

Modding-out the T^/Zi x Z2 compactification hj O = OTZ{—l)^ implies that four 
different types of 06 planes are introduced at the fixed locus of O, O g, O f and Qh. hx 
particular, given the action of the orbifold on the three-cycles and the fact that O ■ Ui = +«, 
and CI hi = —hi, one obtains the following geometry of 06°^, 06f^, 06{^ and 06^^ planes 
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with associated three-cycles 



no,e„ =2eo7ti, Ug^eg = -2 , Uf^^f = -ICfTts, nh,e,, = "2 £h Tt^ , (2.48) 

where we have properly normalised the cycles as pertained to 06 planes. The signs — 
±1 determine the type of orientifold plane a = o,g,f,h, with positive £a associated to a 
conventional O-plane with negative tension and charge, while = —1 refers to an exotic 
plane with positive tension and charge. These signs are actually not arbitrary, but have to be 
correlated to the presence/ absence of discrete torsion e as pO| 

£ = £o£gef£h. (2.49) 

In the following, we shall make the definite choice e = — 1 and {£o, £g,£f, ^h) = (+/+/+/—) 
as in p0}[39j[50| , while the other options can be discussed in a similar fashion and require 
only minor modifications. 

A generic D6-brane on the /Z2 x Z2 orbifold is thus identified by the Fourier coeffi- 
cients of its associated three-cycle Ila with respect to the basis in H3 previously introduced. 
In particular, as in the six-dimensional case, these coefficients are uniquely specified by the 
wrapping numbers (wj^, nj,) associated to the canonical one-cycles of the f-th T^. As a resultn 



while 



ml £ 



a, A 



1 xy 

2 "a ^a,X ■ 



(2.50) 



(2.51) 



The Fourier coefficients e^^ associated to the collapsed cycles identify the fixed points crossed 
by the bulk cycle associated to the D6 brane, and are related to the orbifold action on the 
Chan-Paton coefficients. So in the case at hand with {£0, £g, £f, £h) = {+, +, +, —), one has 



±li if (•, z^, zl) e tla, 
otherwise , 



if {z\, -, ^3 
otherwise , 



(2.52) 



while 



^xy 

-ah 







if {z\, Z^, •) G tla 

otherwise . 



(2.53) 



^The signs in eq. 1 2.50 1 can be determined by the consistency with the CFT description of the vacuum con- 
figuration, and differ from those of |40| the similar minus signs appear in the definition of the cycle wrapped by 
the O-planes. However, from a direct comparison with the transverse-channel Klein-bottle partition function it 
seems to us that the definitions 1 2.48| and 1 2.50| are more appropriate. 
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Generically, the cycle is not left invariant by O, and thus one needs also introduce 
its image /!« in order to build an invariant configuration. To this end, one has to use the 
previous action of O on the canorucal one-cycles of each T^, as well as its action on the 
collapsed ones 

n.cc^,y = -e,4y, n-^% = e,^^^y, (2.54) 

where the signs are precisely those that determine the type of O-planes associated to the 
g, f and h twists. Also in this case, it is useful to introduce the invariant combination fla = 
JJa + -TTfl, in order to determine the effective cycle wrapped by an invariant combination of 
branes. 

The chiral spectrum can be derived as usual by computing the intersection numbers 
between different stacks of branes and between branes and orientifold planes [ |40| , or by 
a direct CFT computation of the annulus and Mobius-strip amplitudes |50|. There are some 
subtleties here associated to the different nature of the orientifold planes. For instance, while 
D6 branes lying on 06_ planes yield unitary gauge groups, when lying on a 06+ the Chan- 
Paton coefficients become real and the gauge groups turns out to be symplectic. Moreover, 
when D6 branes wrap the same cycle as an 06-plane the twisted charge assignments of eqs. 
(2.521 and ( 2.53| l have to be modified so to reflect the correct orbifold action on the Chan- 



Paton labels, that can be found, for instance in |51 52|. In the following, we shall not be 
concerned with the complete spectrum but will mainly focus our attention on the gauge 
group. 

Also for this four-dimensional example, different vacua with common closed-string sec- 
tor, i.e. different solutions of the tadpole conditions, can be connected via brane recombina- 
tion. In particular, it is quite amusing that the simplest vacuum with Brane Supersymmetry 
Breaking pO| is actually connected to the supersymmetric solutions of |39 40 53|. Let us 
show this connection in few illustrative examples. 

The simplest solution of tadpole conditions is in terms of different stacks of D6 and D6 
branes that are parallel to the various O-planes. Their wrapping numbers are 

D6o = (l,0;l,0;l,0), D6^ = (1,0; 0, 1 ; 0, -1) , 

D6/ = (0,-1; 1,0; 0,1), D6,, = (0, 1 ; 0, 1 ; 1,0) . 

while the associated twisted charges identify different stacks. In particular, the consistency 
of the construction implies the following invariant cycles wrapped by the various D6 branes 
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and their images 



4 



flf = +l7ri ± 2 fZ < = +^7ri ± 1 (aJi + + ^21 + «22 

.T,l/=1 



7T^ = -l7r7±2 <^.)8{^ = -i7r7±i K + iSfg + + , (2.56) 



x,y=l 

As anticipated the Chan-Paton labels of the D6;j branes are now real and carry non-vanishing 
charges with respect to all twisted RR forms 

= + 1 TTs + 2 x: {yf ^ly + yj ^{y + // <) ■ (2-57) 

x,y=l 

In particular, one has to distinguish four independent three-cycles 



nl = +\n3 + \ ()8fi + )8f3 + )Sfi + )8f3 - )8{i - i8{3 - ^{^ - - - - 4^ - 4, 

nl = +\n3-\ ()8f, + )8f3 + )8f, + )8f3 - )8{, - )S{3 - )S{, - /S^ + + cc\, + + «^3 

n\ = +\n3-\ ()Sfi + )8f3 + )Sfi + )Sf3 + )8{i + )S{3 + )S{i + ^{^ - - oc\, - - ocl, 

(2.58) 

all wrapping the same bulk cycle tts but with different e coefficients, and thus with different 
twisted RR charges. The resulting gauge group is U(8)^ x U(8)^ x U(8)^ x USp(8)'^ and the 
spectrum is not supersymmetric due to the presence of the D6}i antibranes, needed to cancel 
the charge of the exotic 06^ planes. 

Actually, it was long believed that this /Z2 x Z2 orientifold with discrete torsion could 
admit only non-supersymmetric vacua, due to the positive tension of the exotic O-planes. 
However, it was noticed in 1 39 - 4l| that this is not really correct, since rotated (or magnetised) 



branes can actually "mimic" negative tension objects and thus allow for four-dimensional 
A/^ = 1 supersymmetric vacua. The simplest instance involves four stacks of four D6 branes 
each, wrapping the bulk cycles associated to the wrapping numbers (1, 1; 1, 1; 1, —1). The 
resulting gauge group is U(4)^ while (supersymmetric) matter comes in all possible (non- 
chiral) bi-fundamental representations and in chiral anti-symmetric representations for each 
factor |j50|. 

Actually, these two vacua are not disconnected since the supersymmetric one can be ob- 



tained by fully recombining the (orthogonal) D6 branes of |30|. As in the six-dimensional 
configurations with Brane Supersymmetry Breaking, some care is needed to study the re- 
combination process, since twisted tadpoles imply that different stacks of branes wrap the 
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same bulk cycle, though they have different e coefficients. In details, the recombination of 
the bulk cycles clearly yields 



[tTi] U [TTa] U [-TTs] U [-TTy] 



n 



susy 



Tti + Tts — 7t5 — 7t7 , 



(2.59) 



with 



m-[m2m3 = 1 , nin2Wi3 = l, nim2M3 = — 1, m-[n2n2, 



-I, 



(2.60) 



whose solution corresponds, for instance, to the wrapping numbers (1, 1; 1, 1; 1, — 1). The 
identification of the correct collapsed components requires some care, and finally one gets 
the following three-cycles associated to the four (invariant) supersymmetric stacks 



fl' = 

susy 


1/7 + 1 

2 -'-'susy 2 


L 






+ 4y 


= 

susy 


1/7 + 1 

2 -'-'susy 2 


E 


i 


-^^xy 


•^xy 


= 

susy 


1/7 - 1 

2 -'-'susy 2 


E 

x,y=lA 




-^^xy 




= 

susy 


1/7 - 1 
2 -'-'susy 2 


E 




+ ¥xy 


"■xy 



(2.61) 



x,y=lA 



Another way to solve the tadpole conditions, while preserving AT = 1 supersymmetry, 
is to introduce four different stacks of D6 branes with wrapping numbers and multiplicities 



D6i 
D62 
D63 
D64 



Ni =2 and wrapping numbers (1,— 1;1,— 4;2,1), 

N2 = 2 and wrapping numbers (1,— 1;1,— 4;2,1), 

N3 = 1 and wrapping numbers (1 , — 2 ; 3 , — 2 ; 2 , 1) , 

N4 = 1 and wrapping numbers (1 , 6 ; 1 , — 2 ; 2 , — 1) . 



(2.62) 



yielding a U(2)^ x U(l)^ g^uge group pSj. 

It is interesting to see that this vacuum can not be obtained from the (minimal) non- 
supersymmetric one with orthogonal D6 branes, after suitable brane recombinations. In 
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fact, the (invariant) bulk cycles wrapped by the supersymmetric D6 branes are 



ni,2 = ^ (2 TTi + 8 TTs - TTs - 4 TT/ ) - ^ 



^ ^ Ei3f,±4/ E)3{,T2 

1=1,2 1=1,4 i-=l,4 

\ y=l,3 !/=l,3 y=l,2 

/ 



= ^ (6 TTi + 8 TTs - 6 TTs - 2 TT/ ) - I 



Ei8fv + 2^' E)34/-2 E< ' (2-63) 



1 .T=l,2 x=l,2 1=1,2 

\ y=l,3 y=l,3 y=l,2 



n4 = 2 (2 TTi - 24 TTs - 6 TTs + 2 TT/ ) + 2 



v 



1=1,2 
y=l,2 



j:=1,3 
y=l,2 



1-1,3 
y=l,2 



and thus there are not enough D6 branes to reproduce the previous cycles. A possible so- 
lution would be to add 24 brane-antibrane pairs of type D6;, and 2 brane-antibrane pairs of 
type D6g in the original non-supersymmetric vacuum. 



3 The low-energy Higgs mechanism as brane recombination 

Brane recombination is a purely stringy mechanism where some branes dilute into others 
and get transmuted in a (new) constant magnetic field background. In a sense, the process of 
brane recombination is the inverse of the small instanton transition of [1|. Although this in- 
terpretation is at first hand correct, as we shall argue in section |5j a deeper analysis suggests 
that in the case of brane recombination the process is subtler and involves non-perturbative 
effects associated to Abelian Born-Infeld configurations. 

As observed by Witten p|, in the small instanton transition the hypermultiplet moduli 
space develops a conical singularity at a finite distance. In correspondence, when the instan- 
ton shrinks to zero size, the target space exhibits an infinite tube where the dilaton grows, 
breaking the CFT perturbative description, signalling the presence of a solitonic brane. The 
net result on the dynamics is just an enhancement of the gauge symmetry, namely a conven- 
tional (inverse) Higgs effect, where the size of the instanton is related to the vev's of scalar 
fields originating from open strings stretched between Dp and D(p + 4) branes. Following 
similar /inverse reasonings, it is quite natural to associate the process of brane recombina- 
tion to a conventional field theoretic Higgs mechanism. These two phenomena share many 
common features, as for instance, the reduction of the rank of the gauge group and of the 
number of chiral fermions. However, despite these similarities, a proof of the equivalence 
is far from being under control since the process of brane recombination not only involves 
the condensation of the light (or tachyonic) Higgs fields, but the whole tower of string ex- 
citations take a non-trivial part in the process, that again cannot be described in CFT and 
requires some additional non-perturbative analysis. 

Although, the description of brane recombination as a low-energy Higgs effect does not 
require the presence of some amount of supersymmetry, by analysing a series of simple six- 
dimensional examples, we shall show that whenever supersymmetry is absent, the presence 
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of some (non-renormalisable) higher-order couplings in the low-energy Lagrangian has to 
be postulated in order to lift the extra states and to correctly recover the charged light string 
spectrum. More examples will be discussed in appendix |B] 

3.1 Higgs mechanism in six-dimensional supersymmetric vacua 
3.1.1 A model with simple recombination 

The simplest example of a Higgs mechanism is the U(16) x U(16) — )■ U(16) breaking in 
six-dimensional supersymmetric vacua, whose brane recombination process was already 



studied in section 2.1.1 The original spectrum of |45 46j comprises hypermultiplets in the 
anti-symmetric representations of the gauge group and in the bi-fundamental (16,16). If 
the bi-fundamental hypermultiplet gets a non-vanishing vev the gauge bosons associated to 
the anti-diagonal combination of the two U(16) become massive, and thus only a diagonal 
U(16) survives at low energies together with four hypermultiplets in the 120 representation, 
exactly the same spectrum pertaining to a single stack of (recombined) branes wrapping the 
diagonal of the two T^'s. 

3.1.2 A model with multiple recombinations 

A more involved Higgs mechanism is required to obtain the light states of the U(12) x U(4) 
model of ||3|. This vacuum was reproduced in section |2.1.1| via the recombination of four 



horizontal D7 branes and sixteen vertical D7' ones. Actually, as a matter of facts, any time 
one partially recombines the original branes the process cannot be described by simply as- 
signing non-trivial vev's to bi-fundamental scalars. In fact, in the case at hand, a vev for the 
(16,16) hypermultiplets that would naively break U(16) x U(16) to U(12) x U(4) can al- 
ways be rotated within the colour indices to reproduce the vacuum with the diagonal U(16). 
As a result, one needs to assign non-vanishing vev's to diverse hypermultiplets transforming 
in different representations of the gauge group. 

To reproduce the U(12) x U(4) model via a field theoretic Higgs mechanism one then 
needs to give suitable discrete and continuous vev's to all hypermultiplets. In particular, one 
can describe the whole process in two steps. First, break 

U(16) X U(16) ^ U(12) X U(4) x U(4)^ (3.1) 

by turning on discrete Wilson lines and/ or brane displacements in such a way to split the 
sixteen D7 branes in two groups of twelve and four sitting at different fixed points, and the 
sixteen D7' in four groups of four branes each sitting at different fixed points. This breaking 
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induces the following decomposition 



(120,1) ^ (66,1; 1,1, 1,1) + (1,6; 1,1, 1,1) + (12,4;1, 1, 1, 1) , 

(1,120) ^ (1,1;6, 1,1,1) + (1,1; 1,6, 1,1) + (1, 1; 1, 1,6, 1) + (1,1; 1,1, 1,6) 

+ (1, 1; 4, 4, 1, 1) + permutations , 
(16,16) -> (12,1;4, 1,1,1) + permutations ^^^^ 

+ (1,4; 4, 1, 1, 1) + permutations, 
(256, 1) ^ (144, 1; 1, 1, 1, 1) + (1, 16; 1, 1, 1, 1) + (12, 4; 1, 1, 1, 1) , 
(1,256) (1, 1;16, 1,1, 1) + permutations 

+ (1, 1; 4, 4, 1, 1) + permutations , 

where we have highlighted the states that take part in the six-dimensional N" = (1, 0) discrete 
Higgs mechanism, and decouple from the light spectrum. The second step then consists in 
assigning vev's to the hypermultiplets in the representations 

(1,4;4, 1,1,1) + (1,4; 1,4, 1,1) + (1,4; 1, 1,4, 1) + (1,4; 1, 1, 1,4) . (3.3) 

As a result, the U(4)^ is broken to the diagonal U(4) while the U(12) gauge group stays 
massless, according to the decomposition 

(66,1; 1,1, 1,1) ^ (66,1), 

(1,6; 1,1, 1,1) + (1,1; 6, 1,1,1) + permutations ^ 5 x (1,6), 
(12, 1;4, 1, 1, 1) + permutations ^ 4 x (12,4) , 

(1,4; 4, 1, 1, 1) + permutations ^ 4 x (1, 16) , ^"^'^^ 
(144,1; 1,1, 1,1) ^ (144,1), 

(1, 16; 1, 1, 1, 1) + (1, 1; 16, 1, 1, 1) + permutations -> (1, 16) + 4 x (1, 16) , 

where again we have highlighted the states that become massive after the Higgsing. The 
massless spectrum thus obtained precisely reproduces the one of [3l and of section 2.1.1 



Although, we have achieved the U(12) xU(4) vacuum via a two-steps low-energy pro- 
cess as corresponding in string theory to a rank-preserving breaking via (discrete) brane dis- 
placements and /or Wilson lines, followed by a recombination of multiple stacks, it seems 
plausible that the final result could be obtained in one stroke by turning on suitable discrete 
and continuous vev's for the physical and un-physical scalars, as suggested by the simpler 
brane recombination process described in section 2.1.1[ 



3.2 Higgs mechanism in six-dimensional Brane Supersymmetry Breaking vacua 
3.2.1 Recombination with fractional branes 

We want to reproduce here the non-supersymmetric vacuum with all branes recombined to 
yield two independent stacks of D7 branes wrapping the same bulk cycle (corresponding 
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to the diagonal of both T^'s) but with opposite twisted charges. The final gauge group is 
U(8) X U(8) and the light spectrum is summarised in table 2.1 In the low-energy effective 
field theory this vacuum can be obtained via a Higgs mechanism of the SO(16)^ x USp(16)^ 
model of |j27j, after the scalars in the bi-fundamental representations 

(16,1;1,16) + (1,16; 16,1) (3.5) 

acquire non-trivial vev's. This scalars however, not only give masses to the gauge bosons 
associated to the broken generators, but must also contribute to tree-level masses for extra 
scalars and fermions, in oder to reproduce the light spectrum of table |2.1[ Let us analyse 
this phenomenon in some detail by decomposing the various SO(16)2 X USp(16)2 repre- 
sentations of the Brane Supersymmetry Breaking model \27\ in terms of U(8) x U(8) ones, 
where each U(8) factor correspond to the diagonal breaking of SO(16) x USp(16). For the 
bi-fundamental scalars one finds 



(16, 1; 1, 16) ^ (28 + 28, 1) + (36 + 36, 1) + (64, 1) + (64, 1) , 
(1,16; 16,1) ^ (1,28 + 28) + (1,36 + 36) + (1,64) + (1,64), 



(3.6) 



while for the adjoint vector bosons 

(120,1; 1,1) + (1,120; 1,1) 
(1,1;136,1) + (1,1; 1,136) 



(28 + 28, 1) + (64, 1) + (1, 28 + 28) 
(36 + 36, 1) + (1, 64) + (1, 36 + 36) 



(1,64), 
(64,1), 



(3.7) 



where again the highlighted states become massiv ^ The remaining massless spectrum 
would thus include four scalars and one right-handed fermion in the representations 

(16, 16; 1, 1) + (1, 1; 16, 16) ^ 2 x [(8, 8) + (8, 8) + (8, 8) + (8, 8)] , (3.8) 
one left-handed fermion in the representations 

(120, 1; 1,1)+ permutations ^2x [(28 + 28, 1) + (64, 1) + (1,64) + (1 + 28 + 28)] , (3.9) 
and half left-handed fermion in the representations 

(16,1; 16,1) + (1,16;, 1,16) ^ 2 x [(8,8) + (8,8) + (8,8) + (8,8)] . (3.10) 



These are too many states if one wants to match the spectrum in table 2.1 Therefore, for 
the Higgs mechanism to offer a field theory description of brane recombination, the Higgs 
fields ought to couple to un-matched matter fields to make them massive. A simple glimpse 
at the various quantum numbers, shows that, in the original model, the following allowed 



^Here we have assumed that in the Brane Supersymmetry Breaking vacua the Higgs mechanism involves a 
doublet of scalars. 
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Multiplicity 


Representation 


Field/Multiplet 


Chiralitv 


1 


64 


Gauge Multiplet 


Left-handed 


1 


64 


Hypermultiplet 


Right-handed 


8 


28 


Weyl Fermion 


Left-handed 


16 


28 


Scalars 




16 


36 


Scalars 





Table 3.1: Massless spectrum of the U(8) model containing one stack of diagonal D7 branes 
in the bulk. 

third-order fermion ^fermion ^ scalar Yukawa couplings 

(16, 16; 1, 1) O (16, 1; 16, 1) O (1, 16; 16, 1) , 
(16, 16; 1, 1) ^ (1, 16; 1, 16) ^ (16, 1; 1, 16) , 
(1, 1; 16, 16) (S) (16, 1; 16, 1) (S) (16, 1; 1, 16) , 
(1, 1; 16, 16) ^ (1, 16; 1, 16) ^ (1, 16; 16, 1) , 

would suffice to give mass to the extra fermions, while for the extra bosons one should 
invoke fourth-order scalar couplings of the form 

(16, 16; 1, 1) O (16, 1; 1, 16) O (1, 1; 16, 16) O (1, 16; 16, 1) , (3.12) 

consistent with the fact the scalar masses ~ should be proportional to the vev-squared. 
Finally, there are two copies of Weyl fermions in the adjoint representation (64, 1) + (1,64), 
and one combination of them should get a mass in order to match the spectrum of the U(8) x 
U(8) model. This is indeed possible through couplings to the adjoint scalars ( |3.6| which 
trigger the Higgs mechanism. 



3.2.2 Recombination in the bulk 



Also in vacua with Brane Supersymmetry Breaking one has the possibility to move branes 
in the bulk. Of course, charge conservation implies that this deformation is consistent only 
if one moves pairs of fractional branes with opposite twisted charges, so to preserve the 
twisted tadpole conditions. Then the compound of fractional branes recombines into bulk 
ones with reduced gauge group. Clearly, this operation is allowed both for orthogonal 
branes and for branes at arbitrary angles. In the former case, one obtains the vacuum de- 
scribed in appendix A.l[ whose excitations are listed in table A.3 In the latter case, one 



has to properly deform the amplitudes as explained in appendix A.l to obtain the massless 
excitations listed in table |A.4l 

As an example, a possible solution of tadpole conditions introduces a single stack of ro- 
tated branes wrapping the shifted diagonal of both T^'s. According to table A.4 the light ex- 



citations comprise a full vector multiplet in the adjoint of the U(8) gauge group and charged 
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matter as in table 3.1 It is interesting to observe that, as expected, this vacuum can be ob- 



tained from the U(8) x U(8) one with fractional branes described in section 2.1.2 by giving a 
non-trivial vev to the hypermultiplet in the (8,8) representation. A super-Hi ggs mechanism 
seems to be at work also in this non-supersymmetric vacuunj^ and the resulting spectrum 



matches indeed the one of table 3.1 since under the breaking U(8) x U(8) — > U(8) 



4 X [(28, 1) + (1,28)] ^ 8 X 28 (Weyl fermions) , 

16 X (8,8) ^ 16 X [28 + 36] (scalars) . ^^'^^^ 

It is interesting to check, whether the same vacuum could be obtained by recombining the 
orthogonal bulk branes in the SO (16) x USp(16) model. After all, the mental process one has 
followed to obtained the U(8) vacuum is to start from the Brane Supersymmetry Breaking 
model of |27) , recombine all branes into the U(8) x U(8) vacuum and then move the branes 
in the bulk. It is conceivable, however, to follow a different path, where one first moves 
the orthogonal branes in the bulk to break the gauge group to SO(16) x USp(16) and then 
recombine them in the diagonal branes. Although in string theory these two ways to proceed 
yield the same result, it is not the case if one tries to describe the whole process in field theory 
by use of the Higgs mechanism. In fact, the breaking of the SO (16) x USp(16) gauge group 
in the diagonal U(8) can be achieved in field theory by assigning a non- vanishing vev to the 
hypermultiplet in the (16, 16) representation. By decomposing the various representations 
of table A.3 in terms of those of the final gauge group one obtain^ 



(16,16)^ 28 + 28 + 36 + 36 + 64 + 64 (3.14) 
for the hypermultiplets including four scalars and one left-handed spinor. 



(120,1) ^ 28 + 28 + 64, 
(1,136) ^ 36 + 36 + 64 

for the gauge bosons, and 



(3.15) 



(120, 1 ) ^ 28 + 28 + 64 Weyl fermions (C) , 
(1, 120) ^ 28 + 28 + 64 Weyl fermions (C) , 

(136, 1) ^ 36 + 36 + 64 Hypermultiplets (S) , (3.16) 
4 X (1, 120) ^ 4 X [28 + 28 + 64] Scalars , 

(1, 136) ^ 36 + 36 + 64 Weyl fermion (S) . 

Surprisingly, from the recombination of the bulk branes one gets at most six left-handed {i.e. 
C-type) fermions in the anti-symmetric 28 representation, while to reproduce table 3.1 one 
needs eight such fermions. Does it mean that the two paths are not commuting? 

One possible explanation of this mismatch could be that, in vacua with Brane Super- 



^in the sense, that the gauge bosons eat four scalars to become massive. 

^As usual, we have highlighted the states that become massive after the breaking of the gauge group. 
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symmetry Breaking, displacements and Wilson lines associated to orthogonal branes are not 
flat directions. At one loop, an effective potential is generated that tends to attract the bulk 
branes towards the orientifold planes and orbifold fixed points, as we show in the next sec- 
tion. On the other hand, Brane Supersymmetry Breaking vacua with intersecting branes do 
not induce any quantum potential, at least at one-loop order. As a result, while the tran- 
sition U(8) X U(8) U(8) is in principle allowed, the SO(16) x USp(16) is energetically 
disfavoured, and thus the branes are attracted towards the orientifold planes to yield the 
original vacuum [ |27J rather than to recombine in the bulk. 

3.3 Remarks on the Higgs mechanism in the / Z2 x Z2 orientifold 

What about the equivalence of brane recombination and the Higgs mechanism for four- 
dimensional vacua? Although the equivalence has been already used in supersymmetric 



constructions |47|, it is far from being obvious and universal. As we saw in the previ- 
ous pages, already within six-dimensional vacua it was non-trivial to show that a Higgs 
mechanism in the effective field theory could describe the recombination of branes when 
supersymmetry is not present. It is not so surprising that additional subtleties appear in the 
T^/Z2 X Z2 orientifold with discrete torsion. 

To start with, it is well established that the original chiral non-supersymmetric model 
with U(8)^ X U(8)^ X U(8)^ x USp(8)^ gauge group can be connected to chiral supersym- 
metric vacua, and this transition can be correctly explained in terms of brane recombinations. 



as we have shown in section 2.2 However, it is doubtful that one can capture this transitions 
by a simple standard Higgs mechanism in the effective field theory. One argument would 
be that the supersymmetry condition for intersecting branes 

61 + 92 + 63 = (3.17) 

becomes, in the T-dual picture, a non-linear relation among the magnetic fluxes 

Hi + H2 + H3 = {a'f Hi H2 H3 , (3.18) 

and depends non-trivially on a', at least for dimensional reasons. This has to be contrasted to 
six dimensions, where the supersymmetry condition di ± 62 = translates into a (anti-)self- 
duality condition Hi = ±H2, that does not involve a'. As a result, while in six-dimension 
the low-energy analysis is expected to be fully captured by the Yang-Mills Action, as we 
shall see explicitly in section |5j in four dimensions eq. ( 3.18| can only be captured by a full 



Dirac-Born-Infeld Action, and a complete superfield analysis is not yet availably The orig- 
inal argument relating vev's of 95 scalars to Yang-Mills instanton size is also certainly 
modified, in particular since in this case, not all D5 branes can be interpreted as gauge in- 
stantons on the parent D9 branes. Indeed, whereas in the six-dimensional models the gauge 
group associated to the D5 branes matches the dual gauge group for the theory on the D9 
brane (in both the supersymmetric and non-supersymmetric cases), this is no longer the case 



^See |54j for a review on the subject. 
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for the /'Z.2 x Z2 with discrete torsion due to the fact that D5;, branes support a symplec- 
tic gauge group, whereas the D9 gauge groups are unitary. Dissolving all D5;, is certainly 
essential in obtaining a supersymmetric model, but the corresponding phenomenon is not 
a usual small instanton transition. Notice also that the magnetised branes in these models 
have three instanton-like charges, one of them having negative mass and charge. Again, this 
carmot correspond to a simple field-theory instanton. 

As a result, given the previous arguments, it is reasonable to assume that the transition 
towards a supersymmetric vacuum might correspond to a new stringy non-perturbative 
configuration, which is not fully captured by a Yang-Mills Higgs mechanism. Brane recom- 
bination, however, is perfectly applicable and gives important hints on the non-perturbative 
transition between the non-supersymmetric and the supersymmetric vacua. 

4 Stability in six dimensions 

A natural question that arises when studying string models with broken supersymmetry is 
that of stability. In general, loop corrections to physical quantities are not protected in non- 
supersymmetric vacua, and most of the times can wildly destabilise the tree-level vacuum. 
We shall address here this problem within the context of six-dimensional vacua with Brane 
Supersymmetry Breaking. Although tachyon free at the tree level, one-loop corrections can 
in principle yield non-vanishing mass-terms for the charged scalars and thus it is crucial to 
determine their sign. We shall do this by computing the induced potential for the D7-D7 and 
D7 -D7 open strings and the one-loop two-point function for the D7-D7 scalars. 

4.1 The one-loop effective potential 

To compute the one-loop effective potential for the open-string states we employ the back- 
ground-field method. Hence, we turn on non-trivial, constant, vev's for the brane positions 
and Wilson lines a and h, for the D7 and D7 branes, and compute the one-loop free energy 
A{a, h). In principle, A{a, h) receives contributions both from the annulus and Mobius strip 
amplitudes. However, for the Brane Supersymmetry Breaking model the annulus diagram 
is identically vanishing and only M. actually contributes. Moreover, from the fact that D7- 
07 interactions are effectively supersymmetric, as can be seen by the explicit expression of 
the amplitudes in appendix |A.1[ it is evident that the vacuum energy does not depend on 
the position and Wilson lines of the D7 branes and thus these charged scalars stay massless 
also at the one-loop level 

m^7 = 0. (4.1) 

On the contrary, an effective potential for the positions and Wilson lines of the D7' branes, 
collectively denoted by is generated. Assuming, for simplicity, that all anti-branes have 
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been displaced the same amount and carry the same Wilson lines, the potential reads 



A{b) = -M = -— 1^ ^ (r+2fc + r_2b) . (4.2) 

Here, Nji counts the total number of antibranes, the hatted characters include suitable phases 
as described in 1 5Tp2) , while r±2b encodes the contribution of the Kaluza-Klein and winding 
zero-modes 

r±2h= E (j('«±2fcr^-M'«±2fc)^ (4_3) 

with 

^ foe' Rl a' RW 

Here R, denotes the radius of the /-th compact direction, while h = (&i, &2/ ^3/ ^4) encodes the 
information about brane positions along the first and third compact coordinate and Wilson 
lines along the second and fourth compact directions. In order to study the h dependence of 
the potential it is useful to perform the P = TST^S transformation 

it 1 i 1 .„ 1 
SO that 



A/i\ AT ^^2^4 Z"" ,^ V4O4 + 04^4 + S4S4 + C4C4 ^ , J . -Inlm^Am i a r\ 

A(p) = — N7/2 / at ^ ) cos(47rwj 0) e /im^ ^^^^^ 



Cii<3 Jo r] 
and, after some algebra. 



In R\R^ Wo m Am 

N- °° 

M=l )/=±lmGZ* 



(4.7) 



where 

r ( M / ^ 
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Xi (x) is the modified Bessel function, and we have used the fact that V4 O4 + 64 V4 and 
S4 S4 + C4 C4 admit the same (j-power expansion 



S4S4 + C4C4 ^ E(-l)^dM^^. (4.9) 



M=0 



The potential A(&) is highly ill defined, as can be seen from eqs. \4.6\ and ( |4.7| . Not only 
it receives a divergent contribution from the tadpole (the first term in eq. ( |4.7| proportional 
to Jq°° but it is not under control also for bj = 0, 5, since for these choices 

and the convergence of the sum over the string states is not a priory guaranteed since the 
degeneracies grow exponentially with V M. 



In the field theory limit, where Ri^3 3> v a' and R2,4 ^ v a', the second line in eq. (4.7 1 is 
clearly exponentially suppressed and thus, for the choice {bi, b2, b^, ^4) = {b, 0, 0, 0), 

w,N , , N7/ R2R4 , v-^/ cos(47rmi&) --s 

A(& ~ tadpole - do > V . (4.11 

^ ^ ^ 27r R1R3 ^ m^Am ^ 

This expression has an equivalent interpretation as the interaction of the branes with the 
orientifold planes and thus it is not surprising that it is proportional to the Green's function 
in four (compact) dimensions, that blows up for b = or b = j when the branes sit on top 
of the orientifold planes, and thus the field theory description is not any more reliable. One 
may then conclude that the points b = 0,j are (the only) minima of A(&), though an analytic 
proof is not available. 

In the extreme situation where only Ri is in the field theory regime, and R2,3,4 ~ V^, the 
result simplifies further 

w,N , , N7/ R2R4 , R? cos(47rmi&) ,^ 
Am:, tadpole - ^ ^ * ' <"^> 



and the finite contribution is plotted in fig. 4.1 where the presence of the minima is manifest. 



Given these results, the field theory intuition and the fact that the second line in eq. ( |4.7| is 
sizeable for b = we are tempted to conclude that the minima survive also for generic 

values of R,, and the Dl' are attracted towards the fixed points and there get a positive 

2 _ a^A 

7'7' ~ dhidhj 



one-loop mass, mi™ ~ > 0. 



4.2 Masses for the 7 7' scalars 

To estimate the mass of the 7 7' scalars x oi^^ cannot employ the background-field method, 
since open strings with mixed Neumann-Dirichlet boundary conditions do not couple to 
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Figure 4.1: The effective potential A{b) in the region Ri ^ \/a' and R2,3,4 



the world-sheet sigma model, at least in a simple way. Therefore, one should compute one- 
loop two-point functions on the annulus and Mobius strip amplitudes with the insertion at 
the same boundary of the (twisted) vertex operators for the x fields. Actually, also in this 
case the annulus diagram is expected to yield a vanishing contribution because the oriented 
open-string spectrum is still supersymmetric. 

Although a full fledged string theory calculation of the amplitude can be performed, we 
shall content ourselves with a field theory analysis, since in the closed-string channel for 
the Mobius diagram massless closed string states will give the dominant contribution, while 



massive states will yield exponentially suppressed terms, as sketched in Fig. 4.2 




To]/' 



Figure 4.2: The relevant string theory diagram for estimating the one-loop masses of the 77' 
scalars should give in the limit = the same result as the field theory diagram where 
only the massless states from the gravitational sector (namely the graviton) give a non-zero 
contribution. 



The relevant part of the effective field theory Action (in the string frame) is given by 
S = - f d^x^ge-^ (|a;^|2 + T)+ I Av/^e-2^R + ..., (4.13) 

where ^ is the dilaton, R is the Ricci scalar and T is the tadpole coefficient, and indeed the 
7 7' states are localised in six dimensions. In the Einstein frame 

5e = I d^°xy=^R - / d^'x^^ (|a^|2 + , (4.14) 

and, after expanding around the flat Minkowski metric gE,]iv ~ ^}iv + ^]iv arid (p ^ (po + cp, 
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one obtains the relevant interaction 



- J d^x = -\jd'x [d^^x d'x i^xf] ■ (4-15) 

Since the dilaton does not couple directly to the x states the only diagram contributing to 
the mass is the one in Fig. |4.2} and taking into account the appropriate factors yields 



-iml 



= tipf^p^ - vp') ^ (2v - h,y) Tgy' (4.16) 

= -— r?i/2 

2 5s ' 

with, as usual, gs = e'l'°. Note that inserting the coupling to massive (string and Kaluza- 
Klein) states in the above diagram would yield a zero contribution in the limit — ?► 0. As a 
result, we expect that the full-fledged string theory calculation should give the same result 
for the 77' scalar masses (where the same limit is taken). Therefore, we obtain a positive 
contribution to the mass proportional to the tadpole T 

K = l^Sy^' (4-17) 

so that, the one-loop masses for the six-dimensional Brane Supersymmetry Breaking model 
remain non-tachyonic, and the vacuum is stable even quantum mechanically. When mapped 
back to the string frame, the gs dependence associates the contribution ( 4.17| | to a disk dia- 



gram. This peculiar result can actually be ascribed to a breaking of perturbation theory in 
the presence of a tadpole. 

It is debatable if a result proportional to the tadpole has a physical meaning in fact as 
it was shown in [56 | the standard perturbative relation between loops and principal powers 
is lost when expanding around a wrong vacuum, and to get meaningful results one should 
sum diagrams with an arbitrary number of tadpole insertions. However, performing a sim- 
ilar calculation for the masses of the gauge fields, following the previous steps and taking 
into account the results in [56 1, one finds a vanishing result, in agreement with the physi- 
cal intuition that the only effect of the tadpole is to stabilise the position of the D7' branes. 
Clearly, a more detailed analysis is needed to really compute the scalar masses. 



5 Field theory analysis of D5 branes vs magnetised D9 transition. 

In this section we perform an analysis of the classical solutions of the D9-D5 system by us- 
ing the superfield formalism of [ [57p8) . We take into account the disappearance of D5 branes 
into the wordvolume of D9 branes by searching the classical D9 configuration generated by 
the vev's of 95 scalars, modeled by a FI term ^ in the effective Action. While it seems to 

''For a recent discussion, see |55). 
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be very hard to control the dynamics, we shall provide evidence that an Abelian magnetic 
field background is actually generated, where the U(l) field is chosen inside the Cartan sub- 
algebra of the non- Abelian gauge group. We shall show that gauge field configurations in 
a compact space are quite different from the "standard" (Abelian and non- Abelian) instan- 
ton configurations. In the present section we shall use the setting of D9-D5 systems and 
magnetised D9's, that is T-dual to the setting of branes at angles employed until now. 



5.1 The Abelian case 

In the presence of an Abelian gauge field, the general formula for the scalar potential of a 
(global) supersymmetric theory is 

V=lD^ + \F\^. (5.1) 

It is instructive to consider first the case of a single magnetic field along a two-torus. It 
corresponds in the field theory limit to having a six-dimensional Super- Yang-Mills theory 
compactified on a with A4, A5 the components of the gauge field along the two-torus 
where the non-trivial vev's are localised. We use complex coordinates and a complex scalar 
field defined by 

z = Kx^ + ixs), = A5 + iAi , (5.2) 

in such a way that d = d^ — id^ and 9 = 84 + id^. In order to parameterise a vev for the 59 
hypermultiplets, we add a localised FI term in the Action, generalising to six dimensions an 
example of ref. |58j |. The important point is that in our case the internal space is compact. In 
terms of the complex scalar field and of the FI term, the F and D terms are thus given by 



D = -i(9^ + 50) +^(5(2)(z). 



2 

f = 



(5.3) 



In order to find solutions to the equations of motion that extremise V 

3D = 9D = 0, (5.4) 

one can try the following Ansatz 

= oidG2, (5.5) 

with G2 being the Green's function of the Laplacian on the two-torus 

9aG2=^(2)_l^ (5.6) 
V2 

and a an arbitrary constant to be fixed. The constant term on the RHS of eq. ( |5.6| inversely 
proportional to the volume V2 is necessary to take into account the compactness of the two- 
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torus. As we shall see, it is instrumental for our proposal of relating the non-perturbative 
transition to the generation of a non-trivial magnetic background. To neutralise the source 
term, being 

D = -«(^(^)-^)+^^(^), (5.7) 
we must choose a = ^. Notice that, as expected, the D term is indeed constant and reads 

D = -F45 = J- ■ (5.8) 

It should be stressed here that the FI term exactly generates a constant magnetic field on the 
defect, an indication of the transition from a "fat" instanton to a magnetised brane wrap- 
ping the two-torus. More explicitly, we can write the gauge potential by using the Green's 
function on a two-torus of complex structure T and volume V2 as 



G2(z|t) = - \\n 



7r(Im z 



>2 



The gauge potential ( |5.5| l becomes then 

oce[{z\Tl_ncc{z^ (510) 



The last term in ( 5.10| , as observed, describes the constant magnetic field as can be deduced 



from eq. ( |5.8| |. It is not periodic along the t cycle of the torus, but the non-periodicity exactly 
compensates the source term. 

Given this warm-up exercise in six-dimensions, we can move to consider the eight- 
dimensional Super- Yang-Mills theory compactified on a factorisable four-torus with com- 
plex coordinates Zi = 2(^4 + ix^), Z2 = \{x^ + ixj). This set-up can be associated to our 
six-dimensional vacua described in section [zTI On the factorised it is useful to introduce 
a pair of complex scalars encoding the internal components of the gauge field 

•f-i = A5 + iAi , 

(5.11) 

<i>2 = A7 + iAe, 
so that the F and D terms are given by 

2 (5-12) 

i=l 

with the constant ^ parameterising the vev of the 95 scalars responsible for the small instan- 
ton transition |[l|. The equations of motion from the stationary points of V can be expressed 
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as 



d'D-\/2e''diF = 0. 



(5.13) 



Note that in the absence of the source terms, the equations D = F = are equivalent to the 
anti-self-duality condition for the gauge field in the internal 



(5.14) 



Using the example previously studied, one can make the following educated guess 

cp^=kid^G4, 02 = k2d2G4, (5.15) 

for the solution, where kj are constants and G4 is the Green's function of the four-dimensional 
Laplacian on a with volume V4, 



{did^ + 925^) G4 = ^(4) 



1 

V4 



In terms of the Ansatz (5.15 1, the F term reads 
1 

F = —{k-i -/c2)9i32G4, 
so that the condition F = implies ki = k2 = k. The D-term then becomes 

D = -k (3i3i + d2d^) G4 + = -k (^^(4) - ^) + ^^(4) ^ 
that, in turns, relates the constant k to the FI term, k = ^. Consequently 



(5.16) 



(5.17) 



(5.18) 



D = -(F^B + h?) 



¥4 



(5.19) 



is constant. The anti-self-duality condition F^iy = —F^y, valid in the infinite volume case, is 
violated on a compact torus. There are no solutions to the field equations if ki 7^ k2, a case 
in which a different Ansatz seems to be necessarjj^ 

A few comments are in order here about our solution ( 5.15| l. One can write it in the 
following form 



As 
\ ^7 / 








-1 
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G4. 



(5.20) 



^Of interest for the Brane Supersymmetry Breaking models would be the case ki = — ^2. In the Brane Su- 
persymmetry Breaking models, however, supersymmetry is non-linearly realised; it would be interesting to 
understand how to find solutions of the field equations in that framework. 
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Since the matrix in eq. (5.20 i is the generator of a rotation in the factorised torus <S>}=i Tf, the 
gauge field takes the elegant form 

A,, = k 7,,^ 3^G4 = M^,y dyG4: (5.21) 

with a field strength 

Fjiv = Mvp dfidpG^ - M^p dydpGi , (5.22) 

where M^v is a self-dual matrix (M^y = \efivpcrMpa)- The dual field strength results 

Fpa = -Fp^-MpaAGi. (5.23) 

Again, F^i, is not anti-self-dual due to the non harmonicity of the Green's function on the 
torus. An anti-self-duality condition can only be approximatively recovered in the large 
volume limit. 

Away from the source at r = (where r = \x\ = (x| + + + Xy)^^^) the Green's 
function G„{xi) of the Laplacian on a T" torus admit a local expansiorj^ 

°" = ^' + ;^-2^- 

and thus the gauge field on the admits the local expansion 

Au = -l Muv Xy f + 8 . (5.25) 



The first term in eq.( 5.25| corresponds to a constant magnetic field with identical com- 
ponents on the T^'s in our factorized Ansatz for the Abelian generator. The last term in eq. 
(5.25 1 resembles very closely the form of the SU(2) instanton solution in the singular gauge. 
This is not surprising since, defining /(r) = G'j^{r)/r, the gauge field becomes 

A^, = M^yXyf{r), (5.26) 

that is analogous to the most general U(2)-invariant expression. Unfortunately, its behaviour 
close to the origin is very singular, since in our case /(r) = Cr^^. As a result, one obtains a 
divergent instanton number 



d^xF^yF^y = -871^ I dr- {r^f) = +oo, (5.27) 



d 
dr 

where we have put k = \. Strictly speaking, one cannot extend the integral up to infinity, 
but the contribution due to the finite volume is only a constant term and carmot make finite 
the integral in eq. ( 5.27| . We suggest that this divergence should be interpreted in terms of 
the singularity of the small-instanton transition. We are considering here a "fat" instanton 



9y2 n i3g(;omes ln(r) for n = 2. For a global definition on the T", this expression needs to be periodised by 
adding images, as in the two-dimensional case of eq. d5.9l. 
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and we are formally taking the limit to zero-size. However, since it cannot be shrunk to zero 
size, it should be considered as an instanton on a non-commutative torus in the limit of zero 
B-field |59 -62|. In that case, the behaviour close to the singularity is modified to be of the 
form / ~ r^^, thus giving a finite instanton number, and equal to the number of D5-branes. 

In our compact-space situation, the low-energy dynamics of a D-brane is described by 
the Dirac-Born-Infeld Actioi£3 



C 



DBI 



Met(^ + F) . (5.28) 
Its non-linearity might then affect the solution and could render the singularity milder. With 



an Euclidian metric g^y = ^^iv, the Euler-Lagrange equations deriving from eq. (5.281 are 



3, (F,p(l-F'V.Vdet(l+f)) =0, 



(5.29) 



and it can be actually shown that, in a non-compact space and away from the singularity. 



the gauge potential in eq. (5.201 is a solution of the full Dirac-Born-Infeld equations. This is 
essentially due to the fact that, away from the origin, we have an anti-self-dual field strength. 



as follows from eq. (5.23 i with AG4 = 0. Using T^y + Fy^y = 0, one can easily show that 



(f^) 



^v 



-VPf(f). det(l + f ) = [1 + Pf(F)]^ 



(5.30) 



and the Pfaffian can be written as Pf (f ) = + ^12, + ^14 • Therefore, any anti-self-dual field 
strength is a solution of the full Dirac-Born-Infeld equations in a non-compact space. 

In order to study the behaviour close to the singularity r = 0, we can limit ourselves to 
the case in which the function /(r — ?► 0) 3> 1. For 2/ + rf ^ 0, we expand 

hp (1 - v/det(l + f) ~ i(2/ + r/')M^, + ^'^^^^^'^ {My,pXpXy - MypX^^Xp) , (5.31) 



Eq. ( 5.29| can be written at leading order as 

>3/'(4/ + r/') 



/ 



0, 



and thus 

r^f {4f + rf) = fif, 
where jS is an integration constant. Solutions exist only for j5 = and read 



/(r^O) = Ci and /(r ^ 0) 



C2 



(5.32) 



(5.33) 



(5.34) 



where C/'s are (arbitrary) integration constants. Viceversa, the case 2/ + r/' = turns out to 



-"^"in what follows we take = 27F ■ 
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be incompatible with the Dirac-Born-Infeld field equation. 

In the case of a compact space, however, the anti-self-duality of the field strength is vio- 
lated by the non harmonicity of the Green's function, since 



"12 



F34 — AG4 , 



"13 



F42 = and 



"14 



F23 = 0, 



(5.35) 



where for simplicity we have taken A; = 1 in eq. ( 5.20| . As a result, one cannot expect 
that the solution of the linearised equations be still a solution of the full Dirac-Born-Infeld 
Action. Expanding the equations of motion and keeping the leading and sub-leading terms 
in a small field expansion, one can write 



(5.36) 



The linear term reproduces the Maxwell's equations, while using eqs. ( 5.35| and (5.21 1 the 
sub-leading terms become 



{F)lv - lFf,yTr{F^) = AG4Pf(f ) M^,, - liAG^f F^,, . 
We can then look for a perturbative solution 



AO) p(i) 

^ftV "T J") 



flV I 



(5.37) 



(5.38) 



where F^) is the field strength of the potential in eq. (5.26 1. Assuming the same functional 
dependence for the perturbation 



and inserting the expansion in the linearised equation 



(5.39) 



p(i) 

- \IV 



{F^'^\v-\Ff}TAF^^^ 



0. 



(5.40) 



one finds 



whose solution is 

g{r) =-V,'f{r). 



0, 



(5.41) 



(5.42) 



Moreover, using Pf(f (°)) = 2(2/^ + rff) one also gets 4^ + rg' + Pf(F(o))/y4 = 0. Hence 
the perturbative expansion of the gauge field is 



A, 



(5.43) 



The nature of the singularity is not affected by the non-linear corrections, since eq. ( 5.43| is 
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only valid far from the singularity. It is important to notice that the subleading correction, 
reliable only in the infrared, is in perfect agreement (at large volume) with the subleading 
correction to the profile of the Abelian part of a non-commutative U(2) ir\stanton in the 
singular gauge, as found for instance in ref. | [63) . 

The previous discussion can also be rephrased in terms of a first-order formulation. In- 



deed, the equation (5.291 is automatically satisfied if one imposes the generalised anti-self- 
duality condition 



Fhp (1 - F%v Jdet{l +F) = -F^„ (5.44) 



that is compatible with the perturbative solution in eq. (5.43 1. 

Finally, let us mention that since the singular part of the solution has a fast variation 
near the singularity, the Dirac-Born-Infeld Action is in principle not a good approximation 
of the string effective Action. It is then plausible that higher-derivative corrections play 
an important role and change the behaviour of the solution near the singularity, leading 
eventually to a finite instanton charge. 

5.2 The non-Abelian case 

A constant background magnetic field actually emerges also in the zero-size limit of a non- 
Abelian gauge configuration, pertaining to the case where more D-branes are coincident. For 
simplicity, let us focus our attention to the case of an SU(2) instanton in a compact internal 
torus, with auxiliary fields given by 

D = -l{d'0i + di<t>') + [cPi,0'], 

1 (5.45) 

where is the covariant derivative, acting on the various fields as 

V'D = d'D + 2[0',D], 

VjF = djF-2[0j,F], (5.46) 

Vi0j = di0j-2[0„cPj]. 

The equations of motions 

V'D - \f2 e'i VjF = , (5.47) 



are similar to eqs. ( 5.13| and can be solved adopting the standard Ansatz for the gauge 
cormection 

A^i = i a^^y dy log G4 , (5.48) 
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where tr^/y are self-dual and each of its components is an anti-Hermitean matrix, in such a 
way that = A^,. Explicitly, they are given by 





/ 





-C7-3 


a-2 


-0-1 


1 




0-3 





-0-1 


-ar 


2 




-a-2 


0-1 





-(T3 




V 


0-1 


0-2 


0-3 






\ 



(5.49) 



where the di are the Pauli matrices, and the a^y are related to the 't Hooft symbols. In complex 
formulation, the fields can be written in the form 

^\ = \{(T3^i- (y- eij ) log G4 , 
0' = l{a3d'-a+e'idj)\ogG^, 

with cr± = (71 ± {(72, as usual. In a non-compact space, the F and D flatness conditions 
imply that the gauge configuration be anti-self-dual since, when written in terms of the field 
strength they become 

D = - (F45 + f67) = , ^ = ^ [^47 + F56 + i{FA6 - f57)] = , (5.51) 

However, as in the Abelian case, the anti-self-duality condition fails to hold in a compact 
space, since now 

Fuv = - (Fuv + i (Tuv Gl^ AG4) , (5.52) 



and the Green's function on is not any more an harmonic function. 

Some comments on the results of these last two sections are in order. The constant in- 
ternal magnetic field distributed on the D-branes and related, by T-duality, to the rotation 
of D-branes, is associated to a diagonal U(l) inside the U(N) gauge group supported by N 
magnetised D-branes. It coincides with the constant magnetic field we find in the Abelian 
case or is embedded in the non- Abelian solution just shown, and it is a consequences of a 
non-vanishing FI term if the internal space is compact. In the infrared, the behaviour is very 
reminiscent of the behaviour of the SU(2) BPST (anti-)instanton [64] in the singular gauge. 
In that case, however, the situation is quite different. The constant magnetic field resulting 
when the maximum size equals the volume for the BPST instanton takes the form 

1 

where now o^^y is anti-self-dual, and g is the gauge coupling constant. In a form notation, 
the magnetic field corresponds to the two form flux 

F = H[a^ {dzi A dzi — dz2 A dz2) + ct- dzi A dz2 + 0^+ dz2 A dzi] , (5.54) 
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and it is not possible to bring this solution into the Cartan sub-algebra, by a gauge rotation. 
The SU(2) instanton is a genuinely non-Abelian solution and has no connection, for instance, 
with the Abelian configuration corresponding to two equal magnetic fields Hi = H2 in the 
factorised four-torus. The solutions we find are clearly not instantons. The field strength is 
not anti-self-dual and it exhibits a real singularity at the origin, being not gauge-equivalent 
to a non-singular configuration. One possible interpretation of the solutions is related to 
non-commutative instantons in the limit of zero B-field and zero size, as mentioned in the 
previous section. However, we are convinced that an accurate analysis of the higher deriva- 
tive and higher order corrections could shed new light on these solutions, that certainly 
deserve a much deeper investigation. 



Acknowledgements 

We would like to thank K. Benakli, M. Bianchi, M. Billo, P.G. Camara,M. Goodsell and A. Sag- 
notti for useful discussions. A.C. and G.P would like to thank CPHT at Ecole Polytechnique 
and the Theory Unit at CERN, C.C., E.D. and G.P. are grateful to the Theory Department 
of the University of Torino for hospitality during various stages of this project. This work 
was partially supported by the European ERG Advanced Grants no. 226371 MassTeV and 
no. 226455 "Supersymmetry, Quantum Gravity and Gauge Fields" (SUPERFIELDS)., by the 
CNRS PICS Nos. 3747 and 4172, by the European Initial Training Network PITN-GA-2009- 
237920, by the ANR TAPDMS ANR-09-JCJC-0146 and by the grant CNCSIS Idei' 454/2009, 
ID-44. 



A T^/Z2 orientifolds with intersecting branes 

We remind here the partition functions for the T'^/Zi orientifold of type IIB superstring 
with D7 branes at angles, both for supersymmetric vacua and for configurations with Brane 
Supersymmetry Breaking. As we shall see, the two choices differ in some signs in the Klein- 
bottle amplitude and in the open-string sector. To this end the standard world-sheet parity O 
has to be dressed with the complex conjugation TZ : zi ^ z\ on each complex coordinate of 
the z-th and, for consistency, with the operator (— 1)^^, Fl being the left-handed space-time 
fermion number. Moreover, one has the option to add some inner automorphism a that flips 



the sign in the twisted sector of closed strings |27-29J. As a result, the D, = ClTL{ — Vf^cr 
orientifold will include 07_ and 07^ planes, the former wrapping the horizontal cycles of 
each and the latter wrapping the vertical h\ cycles, with an orientation determined by u, 
of each T^. Here a is the eigenvalue the operator a has on the twisted sector and, as expected, 
select the kind of 07' planes. 
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The relevant one-loop amplitudes in closed-string sector thus read 



r 



1 

2 



\Qo + Q-o\^A^^'^^ + \Qo-Qv 



If] 



+ 16 iQs + Qc 



+ l6\Qs-Qc 



for the torus amplitude, and 

^ = \{Qo + Qv) (Ao + To) + y (7 (Q, + Q,) (^^^ 
for the Klein-bottle amplitude. Here we have introduced the notation 



A 



±2a 



Li' 



±2b 



(A.1) 



for the contribution of the (shifted) Kaluza-Klein and winding zero modes with 



A = diag 



Rl' 



(A.2) 



As usual, the choice a = +\ corresponds to the conventional choice |45 461 and the massless 



excitations now comprise an A/^(l, 0) supergravity multiplet coupled to one tensor multiplet 
and twenty hypermultiplets. Alternatively, the choice a = —\ corresponds to vacua with 
Brane Supersymmetry Breaking |27[j28| and the massless excitations comprise an A/" (1,0) 
supergravity multiplet coupled now to seventeen tensor multiplets and four hypermulti- 
plets. 

The open-strings will involve D7 branes wrapping factorisable two-cycles on the T"^ = 
X T^. As a result, each stack a of branes is identified by four integers (?«?,n?), z = 1,2 
corresponding to the wrappings of the horizontal a, and vertical hi one-cycles of the z-th 
T^. In writing the annunuls and Mobius-strip amplitudes we do not include explicitly the 
contribution of horizontal and vertical D7 branes (that in the T-dual Cl orientifold would 
correspond to D9 and D5 branes, respectively) since these simply correspond to the choices 
(1, 0; 1, 0) and (0,1; 0,1) for the wrapping numbers {m\, n"; m|, nj). In the case of vacua 
with Brane Supersymmetry Breaking, however, some care has to be taken in the case D7 
branes sit on orientifold planes, since in this configuration the Chan-Paton labels become 
real and the gauge groups orthogonal and/ or symplectic. For completeness, in table A.2 we 



report the correct spectrum also for these horizontal or vertical branes. A generic D7 brane, 
however, is not invariant under the O projection, and thus one is bound to introduce also 
its image under the orientifold action in order to get invariant configurations. Given the 
expression for O, the image brane, in the following indicated with the label a, has wrapping 
number (m", — mj, — if (m", jtZj' ^2) those of the fundamental D7a brane. As a 
result, the annulus amplitude consists of the following contributions: 



• Aaa- open strings starting from and ending on the same stack of D7a branes; 

• Aaa- open strings starting from a D7a brane and ending on its D7a image; 
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Aab- open strings starting from a stack of DZa branes and ending on a stack of D7f, 
branes; 

Ai,f open strings starting from a stack of D7a branes and ending on a stack of DZg 
image branes; 



In equations. 



(Qo + Q-o 



Aaa =T E (Q« + Qv) [ ] + (Qo + Q.) [ 



p(l) ^{l)p(2)^(2)^(Q^_Q^) 



J 



■EH^a{Qo-Q-o)[ 



N'a{Qo-Q-o)m 



^ab=^E K {Qo + Qv) [ 1 + Na Nb {Qo + Q. 



a>b 



ab 










4fo 



1 V- 



a>b 



CaCb Na Nb{Qo- Qv 



Ab=^L NaNb{Qo + Qv) +NaNb{Qo + Qv 



BaBb Na Nb {Qo - Qv) 



Y2 



a>b 



ab 










1 r- 
+ 9E 



a>b 



£a£bNaNb{Qo-Qv) 



eaebNa%{Qo-Qv) 



Y2 



In writing these amplitudes we have followed the notation in p2) . The momentum and 
winding lattice sum, depend clearly on the total length i-ji of the D-brane and on the minimal 
separation of the multiple wrappings 



■ a,(i) 



{ml RfY + (n« )2 , L"/'' = /hf"^ , 



with r['] the sizes of the horizontal and vertical sides of the f-th T^. The characters depend 
on the relative angle of branes a and h through 



Qo 
Qv 



= ¥4 [02(^1)02(^2) + V2(^l)V2(^2)] - C4 [S2(^l)C2(C2) + 02(^1)52(^2)] , 
= O4 [^2(^1)02(^2) +02(^1)^2(^2)] - S4 [52(^1)52(^2) +02(^1)02(^2)] , 

where the internal SO(4) symmetry is clearly broken to SO(2) x SO(2) due to the non-trivial 
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rotations of the branes, and 



with ^, = \{(^\ — (pl)T + {(pl — ^^)]/ 71. The contribution of the rotated world-sheet bosonic 
coordinates is encoded in the combinations 



Yi 



Finally, 



e ^ 



ii2 ''/(^ 



Y9 



i=l,2 



! = 1,2 



counts the number of intersections branes a and & have on the T^, while 

S«„= n (l+n«+mf)n(n« + nf)' 

(=1,2 

with TI{}i) = (1 + e'"^f')/2, }i ^ "Z., counts the number of mutual intersections that coincide 
with the fixed points of the T^/Z!2 orbifold, assuming that all branes cross the fixed point at 
the origin of the T^. These are related to the wrapping of the collapsed cycles on the resolved 
orbifold. 

The phases €„ reflect the action of the Z2 orbifold group on the Chan-Paton labels of 
the D7 branes. These phases are of course correlated with the sign cr = ±1, since in the 
supersymmetric case the action of Z2 is complex while in vacua with Brane Supersymmetry 
Breaking it is real. In particular. 



(A.3) 



ea is the complex conjugate of £„, and the phases have to be chosen to satisfy the twisted 
tadpole conditions 



Y2{eaNa+£aNa)=0. 



(A.4) 



Although in the supersymmetric a = +1 case eq. ( A.4| vanishes identically, since Na = Na, 
and thus all £„ can be taken to be = i, for the choice a = —1 one has to have some stacks 
with positive and others with negative €},. 

The last one-loop amplitude is the Mobius-strip one and gets contributions from the 
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Multiplicity 


Representation 


Relevant Indices 


j(J'«« + J'«o + 4o'+4) 


N„{N„-1) 

L 


Vfl 


j(I«s-4o-J+o'+4) 


N„(N„+1) 
2 


Vfl 


2 (4b + Sflb) 


(N«,Nfc) 


a <h 


2 (4b ~ 5«b) 


(N«,Nb) 


a <b 



Table A.l: Representations and multiplicities of charged hypermultiplets living at the D7 
brane intersections on a T'*/Z2. The gauge group is G = Ha U(Nh). 

brane intersections with the orientifold planes. One has 

= - ^ E (Qo + Q-^') [ ] + ^« (Qo + Q.) [^o"] ] Mr 
« ^1 L J 

+ 4 E (Qo - Q^) [ ] + N« (Qo - Q.) [^o"] ] t%T ' 

where, here and in the rest of the Appendix, the hatted characters include suitable phases as 
explained in [ [5T|[52| , and 

4o=4 4o'=4c^ n<' 

! = 1,2 ! = 1,2 

count respectively the intersections of the DZa branes with the horizontal and vertical orien- 
tifold planes. The intersection number JJq, depends on the sign a since, while the horizontal 
07 planes the wrapping numbers can be taken to be (1, 0; 1, 0) in both cases, to the vertical 
07' planes one has to associate the wrapping numbers (0, 1; 0, a), that reflect the RR charges 
of the 07^. As a result, for a given stack of D7n branes, the intersection J^q, flips the sign for 
the two choices a = ±1. Notice that on the T^/Z2 orientifold there are exactly four copies 
of 07 and 07' planes, as reflected by the multiplicity in the intersection numbers. 
Finally, for completeness we report the untwisted RR tadpole conditions 

X]Km!N„ = 16, X]<"2N« = 16(7. (A.5) 

a a 

A.l Partition functions of the Brane Supersymmetry Breaking model in the bulk 

Finally, we consider here the possibility to move all branes in the bulk in the six-dimensional 
Brane Supersymmetry Breaking vacua. The closed-string amplitudes are not affected by this 
deformation, while the annulus and Mobius strip amplitudes depend now on the Wilson 
lines and brane displacements. Since branes wrap generic bulk cycles, the orbifold group 
does not act on the open-string spectrum. Denoting collectively by a {h) the Wilson lines and 
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Multiplicity 




Representation 


Multiplet/Fields 


Chirality 


1 




yafa' 2 ' 2 


Gauge Multiplet 


Left-handed 


1 




2 ' 2 


Vector Boson 




4 ( ~ laa ~ laO ho' ~ 


4) 


P<l(P<!-l) 

2 


4 scalars 


- 


\{ — Iaa — ho ~ he + 


4) 


2 


Weyl fermion 


Left-handed 


4 ( ha ~l~ ho ho' 


4) 


P«(Pa+l) 
2 


4 scalars 


- 


\{ — ha + ho + ho' ~^ 


4) 


P<i(P<;+l) 
2 


Weyl fermion 


Left-handed 


\{ — lah + £aehSab) 






Weyl fermion 


Left-handed 


2( hb ^a^bSab) 






4 scalars 


- 


li~hb + ^a^bSab) 






Weyl fermion 


Left-handed 


li~hi ~ £a£bSab) 






4 scalars 


- 


1 




(mi, ma) 


hypermultiplet 


Right-handed 


1 




dl(di-l) , d2(d2-l) 

2 ' 2 


Weyl fermion 


Left-handed 


1 




(^1,^2) 


4 scalars 


_ 


1 




(^1,^2) 


Weyl fermion 


Right-handed 


1 




(mi,di) + (^2,^2) 


1/2 Weyl fermion 


Left-handed 


1 




(mi,d2) + (W2,rfi) 


2 scalars 


- 


^{ — h7 + ^aSa?) 






Weyl fermion 


Left-handed 


\{ — ia7 — eaSa?) 




{farm) 


4 scalars 


- 


\{ — la7 — eaSal) 




{Pa,m2) 


Weyl fermion 


Left-handed 


\{ — ia7 + eaSa7) 




{.Va,m2) 


4 scalars 




lih?' + ^aSa7') 




iPa,dl) 


Weyl fermion 


Left-handed 


jih?' ~ ^aSaJi) 




{Pa,dl) 


4 scalars 




jih?' ~ ^aSaJi) 






Weyl fermion 


Left-handed 


lih?' +^aSa7') 




{Pa,d2) 


4 scalars 





Table A.2: Massless spectrum of the non-supersymmetric T^/Z2 orientifold for branes at 
angles. Left-handed (right-handed) fermions correspond to C4 (S4) characters. For com- 
pleteness we also include a certain number of straight D7, with Chan-Paton labels nii and 
m2, and Dz' branes, with Chan-Paton labels di and d2, to stress the subtleties emerging when 
branes wrap the same cycle as orientifold planes. 
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A At t 1 -1-1 i-« 1 t 4-T r 

Multiplicity 


Representation 


rieici / iviuitipiet 


Chirality 


1 


(1204) 


Gauge Multiplet 


Left-handed 


1 


(1,136) 


Vector Boson 




1 


(1,120) 


TA7 1 1"" 

Weyl l^ermion 


Leit-nanded 


1 


(136,1) 


Hypermultiplet 


Right-handed 


4 


(1,120) 


Scalar 




1 


(1436) 


Weyl Fermion 


Right-handed 


1 


(16,16) 


Hypermultiplet 


Left-handed 



Table A.3: Massless spectrum of the Brane Supersymmetry Breaking model with orthogonal 
branes in the bulk. The gauge group is SO(16) x USp(16). 



positions of the D7 (D7 ) branes one has: 

A=l[{n^ro + d^ Ao) (V4O4 - S4S4 + O4V4 - C4C4) 
+ 4nd (O4S4 - C4O4 + V4C4 - S4V4) 



(A.6) 



+ 2 [n^ {r+la + r^la) + {A+2b + A-2b)] {V^Oi - S^S^ + O4 V4 - C4C4) } , 



and 



M 



n {r+2a + r_2«) (1464 - S4S4 + 64^4 - C4C4) 



+ d {A+2h + A_2b) {-Vidi - S4S4 -diV^- C4C4) 
+ 2 n (V464 + S4S4 - 64 V4 - C4C4) 



I?2 



(A.7) 



+ 2 d (-t/464 + S4S4 + 641/4 - C4C4) 



2/7 

J?2 



where Fa and were defined in eq. ( A.l I. As usual, we have denoted by n (d) the Chan- 
Paton label of the D7 (D7 ) branes. The twisted tadpoles are now absent since bulk branes 
are not charged with respect to twisted forms, while the (massless) untwisted ones are not 
affected by this deformation, though the total number of physical branes is now halved 
due to the separation between branes and their Q images. The massless excitations are 
summarised in table IA.31 

Also in this case, one has the possibility to rotate the bulk branes. The deformation is 
rather standard and can be deduced from intersecting-brane vacua compactified on a flat 
T^. The only difference is in the Mobius strip amplitude, since in this case D7 branes interact 
also with 07'|_ planes. The corresponding massless open-string spectrum is summarised in 
table IaH 
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Multiplicity 


Representation 


Field/Multiplet 


Chirality 


1 
1 


Papa 
Papa 


Gauge Multiplet 
Hypermultiplet 


Left-handed 
Right-handed 


— laa ~ 2(^00 "l~ ^flO') 

— ha + 2(^"0 ~ ^flO') 

— 4a + 5(^00 + ^aO') 


P»(P«-1) 
2 

Po(P<--l) 
P<i(Pa+l) 

2 

P<-(P<!+1) 

2 


4 Scalars 
Weyl fermion 

4 Scalars 
Weyl fermion 


Left-handed 
Left-handed 






Hypermultiplet 
Hypermultiplet 


Left-handed 
Left-handed 



Table A.4: Massless spectrum for Brane Supersymmetry Breaking vacua with intersecting 
branes in the bulk. The generic gauge group is Ha U(pa). 

B Six-dimensional Higgsings: some additional examples 

In this appendix, we present the explicit field-theory Higgs procedure that interpolates be- 
tween different six-dimensional vacua. These deformations have a stringy description in 
terms of brane recombination. We anticipate that in the supersymmetric examples the Higgs 
mechanism leads precisely to the massless spectrum of the intersecting brane models ob- 
tained after recombination. In the non-supersymmetric examples, instead, it is often the 
case that after the Higgs fields acquire a vev, some states have to get a mass from Yukawa 
(for fermions) or quartic couplings (for scalars) in order to match the spectrum of the corre- 
sponding intersecting brane models. 

B,l A supersymmetric U(8) x U(8) model 

From a stringy perspective, such a vacuum can be obtained after eight horizontal D7 branes 
are recombined with all vertical D7' ones. The resulting configuration consists of two stacks 
of eight branes each and with wrapping numbers 

D7i : (1,0; 1,0), DZa : (1,2; 1,1). (B.l) 

The open-string light excitations comprise a vector multiplet with gauge group U(8) x U(8) 
and hypermultiplets in the representations 2 x (28, l)+6x (1, 28) 2 x (8, 8). 

Also in this case, the low-energy description of the gauge-symmetry breaking is in terms 
of a two-steps Higgs mechanism. 

Step one. First, one has to break the original U(16) x U(16) sjnnmetry to U(8)2 x U(8)2, 
by displacing the branes on different fixed points, or by introducing suitable discrete Wilson 
lines. This discrete deformation can be ascribed in field theory to a discrete Higgs mechanism. 
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The original spectrum decomposes then according to 



2 X (120,1) ^2 X [(28, 1,1,1) + (1,28, 1,1) + (8, 8, 1, 1) ] , 
2 X (1,120) ^2 X [(1, 1, 28,1) + (1,1, 1,28) + (1,1, 8, 8) ] , 

(16,16) ^ (8, 1,8,1) + (8, 1,1, 8) + (1,8, 8,1) + (1,8, 1,8), (B.2) 
(256, 1) ^ (64, 1, 1, 1) + (1, 64, 1, 1) + (8, 8, 1, 1) + (8, 8, 1, 1) , 
(1, 256) ^ (1, 1, 64, 1) + (1, 1, 1, 64) + (1, 1, 8, 8) + (1, 1, 8, 8) . 

Here and in the following representations in bold face correspond to states that become 
massive as a result of the Higgs mechanism. 

Step two. At this point, one can assign non-vanishing vev's to states transforming in the 
bi-fundamentals (1,8,8,1) + (1,8,1,8) that breaks the last three U(8) factors to a diagonal 
one, while leaving untouched the first U(8). This process corresponds to the recombination 
of eight D7 and sixteen D7' branes. Decomposing the previous representations in terms of 
the final U(8) x U(8) gauge group, one finds 

2 X (28,1,1,1) ^ 2 X (28,1), 

2x [(1,28,1,1) + (1,1,28,1) + (1,1,1,28)] ^6 X (1,28), 
(8, 1,8,1) + (8,1, 1,8) ^2x (8,8), 
(1, 8, 8,1) + (1,8,1, 8) ^2x (1,64), 
(64,1,1,1) ^ (64,1), 

(1, 64, 1, 1) + (1, 1, 64, 1) + (1, 1, 1, 64) ^ 2 X (1, 64) + (1, 64) . 

After the highlighted states become massive and decouple from the light spectrum, one 
exactly recovers the massless excitations associated to the intersecting branes ( |B.1| . 

B.2 A non-supersymmetric SO(16) x SO(8) x U(4) model 

For completeness, we analyse here the Brane Supersymmetry Breaking vacuum with gauge 
group SO(16) X SO(8) x U(4) and its low-energy construction in terms of a Higgs mecha- 



nism. It was shown in section 2.1.2 that this vacuum can be obtained by recombining four 

-/ 



D7 branes together with the sixteen D7 . Twisted tadpole cancellation imposes tight con- 
straints on the model, and thus the resulting configuration involves three stacks of branes 
with wrapping numbers 

D7+ : (1,0; 1,0), D7_ : (1,0; 1,0), D7„ : (1,-2; 1,2), (B.4) 



with associated two-cycles Il^y and J7d7„ as explained in section 2.1.2 The spectrum of light 



excitations can be deduced from table A.2 and is reported for completeness in table B.l 

The low-energy field theory description is rather complicated and involves now four 
steps. For brevity, in the following we shall focus our attention just on the gauge group 
breaking patterns giving a brief description of the massless spectrum at the end. 
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Multiplicity 


Representation 


Mump let/ l^iela 


1 

1 


l^io, o, i J 


1 — 1 T moT"Tn 111 "I"! n 1 ai" 
y K A K ^ 


8 




Qr*?! 1 ?i T 


2 


(1,8,4 + 4) 


Weyl Fermion 


24 


(1,1,6) 


Scalar 


10 


(1,1,6) 


Weyl Fermion 



Table B.l: Massless spectrum of the SO(16) x SO(8) x U(4) model. 

Step one. One breaks the original SO(16)^ x USp(16)^ gauge group to SO(16) x SO(8) x 
U(4) X USp(8) X USp(16) by assigning a vev to the complex scalar in the representation 

(1,16; 16,1) ^ (1,8,1,8,1) + {1,1,16,1,1) + (1,8,4 + 4,1,1) + (1,1,4 + 4,8,1) 
+ (1, 1, 16, 1, 1) + (1, 1, 10 + 6, 1, 1) + (1, 1, 10 + 6, 1, 1) , 

where the states in bold face become massive and we have written in italic the states that 
acquires the vev and triggers the gauge symmetry breaking. 

Step two. One further breaks the group to SO(16) x SO(8) x U(4) x USp(8)2 by assignmg 
a vev to the quadruplet of scalars in the representation 

(1,1,4 + 4,1,16) ^ (1,1,16,1,1) + (1,1,6 + 6,1,1) + (1,1,4 + 4,1,8) 
+ (1, 1, 16, 1, 1) + (1, 1, 10 + To, 1, 1) 

where, again, the states in bold face become massive and we have written in italic the states 
that acquires the vev and triggers the gauge symmetry breaking. 

Step three. One assigns a vev to the scalars in the representation 

(1, 1, 1, 8, 8) ^ (1, 1, 1, 28) + (1, 1, 1, 36) , (B.7) 

to break USp(8)^ to the diagonal USp(8), so that the residual symmetry is SO(16) x SO(8) x 
U(4) X USp(8). 

Step four. The final step consists in breaking the gauge symmetry to the desired SO(16) x 
SO (8) x U(4) group using a vev for the scalars in the representation 

(1,1,4 + 4,8) ^ (1,1, 16) + (1,1, 6 + 6) + (1,1, 16) + (1,1, 10 + 10). (B.8) 

Although we omit the details on the light spectrum, let us conclude with some comments: 

• One obtains 24 scalars in the (1, 1,6) representation, that match the spectrum in table 
IKTl 

• There are in addition four scalars in the representation (16, 8, 1) and eight scalars in the 



(16, 1,4 + 4), that also appear in table B.l 
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Extra scalars in the (1, 1, 16) and in the (1,8,4 + 4) seem to appear in the low-energy 
description. However, these are expected to acquire a mass through quartic-order cou- 
plings with the Higgs fields. We have checked that these couplings are actually com- 
patible with the various quantum numbers. 



Similar considerations hold for the fermions. One recovers those in table |B.l plus ad 



ditional states that however are expected to get a mass via Yukawa couplings. Also in 
this case we have checked that quantum numbers do not prevent these couplings, that 
then are expected to emerge. 
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